Surface enhanced Raman scattering from silver electrodes by Trott, Gary Richard
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1981
Surface enhanced Raman scattering from silver
electrodes
Gary Richard Trott
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Condensed Matter Physics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Trott, Gary Richard, "Surface enhanced Raman scattering from silver electrodes " (1981). Retrospective Theses and Dissertations. 7008.
https://lib.dr.iastate.edu/rtd/7008
MICROFILMED -1882 
INFORMATION TO USERS 
This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 
1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity. 
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a good 
image of the page in the adjacent frame. If copyrighted materials were 
deleted you will find a target note listing the pages in the adjacent frame. 
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand corner of 
a large sheet and to continue from left to right in equal sections with small 
overlaps. If necessary, sectioning is continued again—beginning below the 
first row and continuing on until complete. 
4. For any illustrations that cannot be reproduced satisfactorily by xerography, 
photographic prints can be purchased at additional cost and tipped into your 
xerographic copy. Requests can be made to our Dissertations Customer 
Services Department. 
5. Some pages in any document may have indistinct print. In all cases we have 
filmed the best available copy. 
University 
Microfilms 
International 
300 N. ZEEB RD., ANN ARBOR, Ml 4H106 
8209183 
Trott, Gary Richard 
SURFACE ENHANCED RAMAN SCATTERING FROM SILVER 
ELECTRODES 
Iowa State University PH.D. 1981 
University 
Microfilms 
I n tern ati O n a! 300 N. zeeb Road, am Arbor, MI 48106 
PLEASE NOTE: 
In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 
1. Glossy photographs or pages ^ 
2. Colored illustrations, paper or print 
3. Photographs with dark background ^ 
4. Illustrations are poor copy 
5. Pages with black marks, not original copy 
6. Print shows through as there is text on both sides of page 
7. Indistinct, broken or small print on several pages 
8. Print exceeds margin requirements 
9. Tightly bound copy with print lost in spine 
10. Computer printout pages with indistinct print 
11. Page(s) lacking when material received, and not available from school or 
author. 
12. Page(s) seem to be missing in numbering only as text follows. 
13. Two pages numbered . Text follows. 
14. Curling and wrinkled pages 
15. Other 
University 
Microfilms 
International 

Surface enhanced Raman scattering from silver electrodes 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Physics 
Major: Solid State Physics 
by 
Gary Richard Trott 
A Dissertation Submitted to the 
Approved : 
or Work 
For the Major Department 
For the Graduate College 
Iowa State University 
Ames, Iowa 
1981 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
CHAPTER I. INTRODUCTION 1 
Preamble 1 
Historical Background 1 
Preface to This Research 3 
Raman Scattering 5 
Origin 5 
Classical theory ô 
Quantum mechanical theory 7 
CHAPTER II. LITERATURE REVIEW 11 
Experimental Results 11 
The extent of SERS 11 
Anodization process 12 
Experimental characteristics of SERS 18 
Theoretical Interpretations 23 
Sources of the enhancement 23 
Image field theories 26 
Field enhancement theories 30 
Polarizability theories 35 
Resonance theories 37 
Number theory 38 
Summary 39 
ill 
Page 
CHAPTER III. EXPERIMENTAL 41 
Experimental Control Systems 41 
The Raman system 41 
Electrochemical control 44 
Samples and mounts 45 
Fiber optic system 50 
Experimental Procedures 60 
Sample activation 60 
Alignment of Raman cell for angle-resolved measurements 61 
Correction factors 63 
CHAPTER IV. RESULTS AND DISCUSSION 66 
Chemical Origins of SERS Investigated with Cyanide 66 
Electrochemical activation 66 
Identification of the surface species 71 
Angle-Resolved Raman Scattering 77 
Right-angle configuration 77 
Surface morphology 88 
Independent-angle results 97 
CHAPTER V. SUMMARY AND CONCLUSION 107 
REFERENCES 114 
ACKNOWLEDGMENTS 122 
1 
CHAPTER I. INTRODUCTION 
Preamble 
During the last few years, there has been an immense growth in the 
time and effort devoted to understanding interfacial phenomena. This is 
due to the realization that surface phenomena are directly responsible 
for the existence of many important modern technologies and new devices. 
In addition, the desire to advance the basic understanding of the nature 
of surface interactions has fostered the discovery and development of 
new methods to probe interfacial regions. 
One new method which has recently been discovered, and is the sub­
ject of this dissertation, is surface enhanced Raman scattering (SERS). 
It may be possible using SERS to carry out both qualitative and quantita­
tive molecular analysis at the surface of an electrode inside a working 
electrochemical cell. The interdisciplinary nature of this dissertation 
necessitates the use of concepts from both solid state physics and 
electrochemistry. Although an attempt will be made to clearly explain 
the basis for all interpretations, it is assumed that the reader is 
familiar with the fundamental concepts and definitions from each area. 
Historical Background 
Traditionally, surface phenomena have been most successfully 
investigated using established vacuum techniques such as Auger spectros­
copy, LEED, and ESCA. However, these techniques cannot be applied 
directly to situ analysis of surface interactions occurring at solid-
electrolyte interfaces for obvious reasons. Nevertheless, detailed 
T 
information about the energetics of surface interactions at these inter­
faces is essential for understanding the operation of devices such as 
fuel cells and liquid-junction solar cells, for controlling corrosion 
reactions, or for understanding the fundamentals of electrochemical 
reaction mechanisms. 
Most of the progress made to date in understanding the metal-
electrolyte interface has been accomplished by using optical spectro­
scopic techniques, e.g., specular reflection (1), optical absorption 
(2), ellipsometry (3,4), and interfacial photoemission (5), in conjunc­
tion with standard electrochemical techniques. The greatest limitation 
of these techniques is that they have only a limited amount of molecular 
specificity. It is very difficult to make positive identification of 
the species or reaction intermediates which are adsorbed on the surface 
using any of the above techniques. Hence, in the mid-1970s several 
groups were actively investigating the possibility of using surface 
vibrational spectroscopy as a probe of the metal-electrolyte interface. 
The potential for normal Raman spectroscopy as a molecular-specific 
spectroscopic probe of the metal-electrolyte interface was first 
examined by Fleischmann et al. (6,7) for mercury, silver and copper 
electrodes. Because of the very small signal-to-noise levels expected, 
these initial studies used Raman scatterers with very large cross sec­
tions or the preparation of solid electrodes with very high surface 
areas. An alternate approach used by Jeanmaire et al. (8) employed 
molecules which display a resonance Raman effect. Unfortunately, the 
requirements of these surface Raman techniques are such that they can 
only be applied to a few specific systems. 
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One of the early systems that was investigated was pyridine (C^H^N) 
adsorbed onto silver electrodes (9,10). After electrochemically 
roughening the silver electrode surface to a sponge-like texture, a 
Raman signal was observed from molecules of pyridine adsorbed on the 
silver surface. 
Subsequently, it was shown by Jeanmaire and Van Duyne (11), Van 
Duyne (12) and Albrecht and Creighton (13,14), that it was not necessary 
to roughen the silver surface extensively in order to see a signal. In 
addition, they argued that the measured intensity was approximately 10^ 
times more intense than expected, and that is could not be explained by 
an increase in surface area of the electrode. This was a very surprising 
and exciting discovery. In essence, they showed that it is possible to 
obtain a large signal from an adsorbate on the surface of an electrode 
with a high degree of surface sensitivity and molecular specificity, 
characteristics which were lacking in all previous situ surface 
analysis techniques. 
Preface to This Research 
Shortly after the discovery of the enhancement of the Raman signal 
from pyridine on silver, the ability of silver to enhance the Raman 
cross section of other molecules was reported (11,15). The Ag-CN 
electrochemical system reported by Furtak (16) appeared to be an ideal 
system for further study. 
There were several reasons for choosing the Ag-CN system. First of 
all, so little was known about the enhancement mechanism of SERS that 
it seemed most advantageous to reduce the system to the simplest 
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construct which shows all of the characteristic features of SERS. Since 
cyanide has a much simpler vibrational spectrum than pyridine, the effect 
on different vibrational modes of the interactions between the molecule 
and the surface would be much easier to identify and model with cyanide. 
Secondly, CN is isoelectronic to CO, so it was argued that the large 
body of literature that exists for CO adsorbed on surfaces in vacuum 
would be helpful in modeling the cyanide adsorption on silver. Finally, 
the experience gained from previous work with cyanide on silver in our 
laboratory (17) would be of great value. 
The focus of this research project was initially directed towards 
investigating the Ag-CN system. Very little was known about SERS from 
CN on Ag, so the objective in the first half of this research project 
was to investigate the chemical interactions and electrochemical condi­
tions by which one could obtain a SERS signal from cyanide on silver. 
Besides reporting on the electrochemical reactions that occur during the 
anodization process, it was shown that it is not necessary for CN to 
be present during the roughening procedure (18)• 
In the second half of this research project, the angular dependence 
of SERS from pyridine on Ag was measured. Various models exist (19,20) 
which could be used to relate the measured angular dependence to the 
symmetry and orientation of the adsorbed molecules on the surface. 
Pyridine was used instead of cyanide because the Ag-CN system was not 
as simple as it was first thought to be. It has been shown (21) that 
cyanide forms a complex on the surface with silver. Also, pyridine is 
safer to work with. 
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Raman Scattering 
Origin 
Raman scattering was discovered by C. V. Raman in 1928. Although 
the necessity of an intense, monochromatic light source severely limited 
its usefulness before the advent of the laser, Raman spectroscopy has 
since been successfully used, primarily by chemists, as a standard 
spectroscopic method of identifying molecules. 
Raman scattering is a process caused by the polarization of the 
molecular electrons under the influence of the external laser field. 
Since the electrons are driven by both the oscillations of the external 
field (at frequency w^), and the motion of the molecular ion cores (at 
frequency w^), the induced dipole has components of oscillation at the 
frequencies and . The induced dipole radiates photons 
at these shifted frequencies. The type of transition that the system 
undergoes can be translational (e.g., lattice modes of a crystal), 
rotational, vibrational, or electronic. 
Generally, Raman spectroscopy is done with optical frequency 
photons and the molecular transition which occurs is a vibrational 
transition. In this respect Raman scattering is similar to infrared 
absorption because with both techniques, the result is a vibrational 
spectrum of the molecule being investigated. However, the selection 
rules are different for Raman scattering and infrared absorption so 
that the two techniques are complimentary in character. 
The advantage of using Raman scattering to study the metal-
electrolyte interface is that water is transparent in the visible range 
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and not in the infrared. Also, water is a very weak Raman scatterer with 
a large region free from interfering lines. The major difficulty, 
however, is the inherent weakness of Raman scattering. Except for the 
special case of resonant Raman scattering, which will be described below, 
for normal Raman scattering only ca. 1 in 10^^ input photons emerges as 
a Raman-shifted output photon. This inefficiency of normal Raman scat­
tering arises from the fact that the laser irradiates the target in a 
transparent region of its electromagnetic spectrum. 
Classical theory 
Although Raman scattering is strictly a quantum mechanical process, 
a classical description of the Raman effect is valid for the salient 
features. Consider an electromagnetic wave with ? = cos(Wgt) incident 
on a molecule. The dipole moment ? induced in the molecule is given by 
2 = "3 . 2 + 2 3 + ... . (1.1) 
where^ is the polarizability tensor of the molecule and^ is the hyper-
polarizability tensor. Typically, g is 10 orders of magnitude smaller 
than a and is unimportant for Raman scattering. However, with recent 
developments in very high power pulsed lasers, it is possible to observe 
second-order effects such as the hyper-Raman effect. In classical theory, 
polarizability is a phenomenological quantity and can be regarded as a 
measure of the ease with which the electron cloud can be displaced under 
the action of an electric field to produce an electric dipole. 
Now a reasonable assumption is that the molecular polarizability ot 
is a function of the distance between the atomic nuclei at any given 
time. Let Q be the normal coordinate of a particular vibration. For 
small Q we can expand^ in a power series around the equilibrium value 
of Q: 
= "Z, + Q . (1.2) 
Then taking Q = cos(a)^t) we can write 
 ^= [/"b + iq Qo cosfWyC)] • \ cos(w^ t) , (1.3) 
or 
P = 'a • E cos(w t)+f-^)*E ^ <cos[(w + w )t] 
o o o \8Q/o2] o V + cos[(w^ - Wy)t]; 
(1.4) 
Thus, the induced dipole will radiate at a frequency . If 
^/3Q / 0, then in addition to the unshifted radiation, there will also 
be scattered radiation of frequency to + w and u - w radiated. 
o V o V 
Traditionally, Rayleigh scattering refers to the elastically scattered 
photons at frequency and Raman scattering refers to the inelastically 
scattered photons at frequencies and - w^. Thus, classically, 
the frequencies observed in Raman scattering may be thought of as 
beat frequencies between the incident light frequency and the molecular 
vibrational frequencies. 
Quantum mechanical theory 
In a quantum mechanical description, one must take into account the 
quantized nature of the molecular vibrations. The total intensity of a 
Raman line Is given by (22) 
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I . r |. |2 , (1.5) 
27c pa 
where N is the number of target species, is the Intensity of the 
incident laser light, fio)^ is the energy of the Raman scattered photon, 
is an element of the scattering tensor, and p and a are the polariza­
tions of the Raman and incident light respectively. In terms of 
second-order, time-dependent perturbation theory, for a transition from 
the 0th vibrational level of the ground electronic state, |g>, to the 1st 
vibrationally excited level of |g>, is given by (22) 
a = y <g.O|p|eXe|o|g,l> <g,C) |  a | eXe | p |  g,l> ^ 
pa '• (E — E 7) — Kti) — ir (E -- E ') + Kw - ir 
e e g,0' o e e g,l o e 
A schematic representation of the process is shown in Fig. 1. For 
a normal Raman process, shown on the left side of Fig. 1, the molecule 
is excited to a virtual excited state and then decays to a different 
vibrational ground state. Now if the energy of the incident photon is 
equal to the energy of a real transition in the molecule, as in the 
right-hand side of Fig. 1, then the probability of interaction is much 
greater. The denominator of the first term in Eq. (1.6) becomes small, 
limited only by the homogeneous line width of the resonant level, r^, 
and the first term in the tensor expression becomes very large. This 
process is designated as resonance Raman scattering. 
Ifhen the denominator of Eq. (1.6) becomes very small, two things 
happen. First, the most obvious result is that the scattered intensity 
will become very large. In resonance Raman scattering, the intensity 
4 6 
can be as much as a factor of 10 to 10 times that in the normal Raman 
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Figure 1. Schematic representation of normal Raman (NR) scattering and 
resonance Raman (RR) scattering. In both cases, the Raman 
transition is from the 0th vibrational level of the ground 
electronic state |g>, to the 1st excited vibrational state 
of lg>. The state |e> is an arbitrary excited electronic 
state 
case. Secondly, resonance Raman scattering is usually accompanied by a 
large number of combination and overtone bands, depending on the potential 
energy curves and the degree of overlap between the two electronic energy 
levels. The only criterion for resonance then is that the energy of 
the incident photons is equal to the energy of a real transition in the 
system. The task of specifying the energy or location of the intermediate 
real states is an important part of some of the theories discussed below. 
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CHAPTER II. LITERATURE REVIEW 
Experimental Results 
The extent of SERS 
Since the first reports of the enormous enhancements in intensity 
possible with SERS from pyridine on silver electrodes (11,13), there has 
been a considerable amount of work devoted to corroborating and extending 
those results. While most of the work has been done on the pyridine-
silver system (11,13,23-29), SERS can be observed with many other 
molecules, most notably cyanide (16,18,21,28,30,33), on a few other 
metals like Cu (32,33), Au (34,35), and Hg (36,37), and in environments 
other than the electrochemical cell (15,38-43). Excellent reviews of 
the experimental work done on SERS can be found in the articles by Van 
Duyne (44), Otto (45), and Burstein et al. (46). 
Due to the complex nature of the electrochemical environment, there 
are a large number of surface, chemical, electrochemical, and optical 
variables that control the observed characteristics of SERS from 
molecular adsorbates. Often this has resulted in the same data being 
interpreted in more than one way. However, the basic features of a 
SERS spectrum, including a large enhancement of both the Raman-shifted 
photons and the background, the voltage dependence, and the frequency 
shifts of the Raman lines for the adsorbed molecule, have been well-
documented. The dependence of these observables on experimental variables 
such as the electrode pretreatment-aiiodization and the angle of incidence 
of the exciting laser will be discussed below. 
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Anodization process 
When SERS was first discovered, the only way known to obtain the 
signal was to anodize the surface of the electrode. The anodization 
process can be most easily understood by referring to the I vs. V curve 
(cell current vs. voltage applied to the electrode) in Fig. 2. Starting 
from a negative or cathodic potential of about -0.6 V, the anodization 
process consists of applying either a triangular sweep or a double 
potential step such that the potential of the silver electrode is moved 
anodically into the region where formation of insoluble AgCl occurs 
(region A) and back again to cathodic potentials where the AgCl is 
reversibly reduced to Ag metal and CI ions. The amount of charge 
passed in both directions can be measured with the result that 99.8% of 
the charge passed in forming the AgCl is recovered (11). The amount of 
charge passed during the reduction of the AgCl can be measured and con­
verted into an equivalent number of monolayers of silver reformed. For 
this dissertation, I will use 250 pC per monolayer (ML). 
Anodizing the electrode has a twofold effect. The first is that it 
serves to clean the electrode surface, and the second is that it also 
roughens the surface. Although with any surface analysis technique, very 
careful and thorough cleaning procedures must be followed, there still 
may exist trace amounts of contaminants in the electrochemical cells and 
on the silver electrodes as the systems are assembled. Thus, the 
anodization process, by reforming the silver surface, acts as an in situ 
cleaning process (47). However, there are other types of in situ electro­
chemical cleaning processes which do not result in a SERS signal. 
Figure 2. Cell current versus applied voltage for Ag showing the_different electrochemical 
reactions for the Ag-pyridine/Cl system. (A) Ag + CI -+ AgCl + e . 
(B) AgCl + e Ag + CI . (C) 2H + 2e H„i. * denotes the potential for all of 
the SERS experiments (-0.6V) 
Ag in 0.05 M PYRIDINE + O.IM KCI 
50 m V/sec 
-1.4 -1.2 -0.8 -0.4 0 0.4 
SAMPLE VOLTAGE (V vs. SCE) 
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Several authors (14,23) have shown that after holding the electrode 
potential in a region where hydrogen evolution occurs (region C), 
all traces of the SERS signal from pyridine and any organic contaminants 
have vanished upon returning to -0.6 V. The electrode has presumably 
been cleaned by the hydrogen as it formed on the surface and yet there 
is no observable SERS signal. In addition, since the hydrogen evolution 
reaction does not involve Ag atoms, it should not affect the surface 
morphology. Clearly then, the anodization process must involve some­
thing more than just cleaning the electrode. 
Recall that during the reduction half-cycle of the anodization 
process, AgCl is reversibly reduced to Ag metal. This results in sub­
stantial surface roughening due to the spatially nonuniform nature of the 
nucleation and growth phenomena associated with metal deposition on 
electrodes (48). Of course, the amount of roughness produced depends 
somewhat on the total number of equivalent monolayers of silver that 
have been reformed. The kind of surface roughness that can be produced 
ranges from adatoms (45) and angstrom-sized clusters of atoms (49) up to 
islands of different shaped bumps on the order of microns (46,50). 
Unfortunately, there can exist more than one level of roughness simul­
taneously and this has been the cause of a large controversy, especially 
since the existence of adatoms can only be inferred from indirect 
measurements. Different enhancement mechanisms require different levels 
of surface roughness, or none at all. 
Although the electrochemical anodization procedure has been 
extensively used to obtain SERS signals, the uncontrolled nature of the 
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surface roughness produced has prompted different attempts to produce a 
SERS signal with no electrochemical anodization. We have shown that a 
SERS signal can be obtained by etching, electropolishing, or mechanically 
polishing the silver electrode before immersing it into the electrolyte 
(18). Recently, Schultz and co-workers (47) have also reported that 
they have obtained a SERS spectrum from a mechanically polished unano-
dized electrode when it was immersed into pyridine and aqueous electro­
lyte at -0.6 V vs. SCE. Scanning electron microscope (SEM) pictures of 
this electrode look identical to SEM pictures of an electrode prepared 
in the same manner but not immersed into the electrochemical cell. 
The significant difference between a mechanically polished sample 
and an anodized sample is that there are no island or hemispheroidal 
bumps on the mechanically polished samples. For an anodized surface, the 
maximum intensity in a SERS spectrum is observed after passing about 
_ 2  20 mC cm of charge (ca. 80 monolayers). These surfaces have a distribu-
O 
tion of hemispheroids on them ranging from 250 A (the resolution limit 
3 o 
of their SEM) to ca. 4 x 10 A. Although the enhancement factor for a 
mechanically polished surface is only 10^, the conclusion is that it is 
not necessary to have spheroids on the surface greater than 250 A in 
diameter in order to get a SERS spectrum. 
Schultz also concluded that since there was no anodization of the 
electrode surface, large concentrations of adatoms would not exist on 
the surface. This is a dubious statement for the following reason. 
The nature of the mechanical polishing process leaves the surface of the 
electrode strained and damaged from the scratches produced by the 
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alumina grit. Since a SEM does not have enough resolution to examine the 
microscopic damage created by the mechanical polishing, it is unfair to 
conclude that there are no adatoms on the surface. 
Pettinger et al. (24,29) have studied the effect of anodization on 
single crystal surfaces. They showed that after about 10 monolayers of 
silver had been reformed, only then could the induced roughness be 
detected with RHEED (Reflection High Energy Electron Diffraction). Yet, 
a SERS signal can be detected after less than one monolayer of silver 
has been reformed. Since the penetration depth of RHEED can be many 
atomic layers, the fact that the crystals still were oriented after only 
a few monolayers had been reformed does not imply that the surface 
retained the same orientation. 
In addition to large-scale roughness detectable by SEM (i.e., 
greater than 250 A), two groups have proposed that the function of the 
anodization process is to produce adatoms on the surface (21,45,51,52, 
53). As the insoluble AgCl is reduced to silver metal, the silver atoms 
are deposited on to the surface in a nonequilibrium fashion. At room 
temperatures, these silver adatoms would ordinarily quickly diffuse 
into kinks or cracks. This is especially evident in vacuum experiments 
(38,39). Silver films evaporated and kept at liquid nitrogen tempera­
tures will yield a SERS signal when pyridine is admitted to the sample. 
However, if the silver film is warmed up to room temperatures and then 
recooled to liquid nitrogen temperatures, admitting pyridine to the 
sample will not produce a SERS signal. The smallest levels of surface 
roughness have annealed out at room temperature. 
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In an electrochemical system the adatoms, once they are formed, are 
not so free to move about. Surface diffusion of adatoms can be strongly 
hindered by adsorbates (54). Since halide ions adsorb very strongly to 
metal electrodes, the CI ions can interfere with adatom diffusion 
stabilizing the adatom on the surface, thus allowing the pyridine to 
bond to an "active site". In fact, Van Duyne has shown that the inten­
sity of the SERS signal varies with the nature of the supporting electro­
lyte anion in a manner reminiscent of the order of specific anion 
adsorption (12). 
Experimental characteristics of SERS 
Once the electrode is cleaned and some level of roughness is pro­
duced on the surface, a vibrational spectrum from a molecule on the 
surface can be obtained. The SERS spectrum for pyridine on a silver 
electrode is shown in Fig. 3. Traditionally, the amount of energy lost 
-1 -1 by the Raman shifted photons is reported in cm (1000 cm = 0.1 eV). 
The solution consists of 0.1 M KCl and 0.05 M pyridine. With this low 
concentration of pyridine, the Raman signal from the bulk solution is 
so low that it is lost in the noise. There are three criteria to use in 
demonstrating the existence of a true surface signal: 1) the nature of 
the adsorption process perturbs the molecule and causes small (1-10 cm ^), 
but noticeable, shifts in the vibrational frequencies, 2) the intensity 
of the lines is voltage dependent, and 3) lines that are polarized in 
the bulk solution become depolarized upon adsorption. 
The most amazing feature of SERS is the enormous enhancement 
observed. From chronocoulometric (44) and radiochemical (55,56) 
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Figure 3. SERS spectrum of pyridine on a silver electrode showing the 
major Ragan bands. The spectrum was obtained using 100 mW 
of 5145 A excitation recorded with a 1 cm~^ bandpass 
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measurements, the number of Raman scatterers on the surface , compared 
to the number of Raman scatterers in the bulk solution N^, for pyridine 
is on the order of N^/Ng ^ 10 Thus, we would expect the signal from 
the bulk solution plus the surface, 1^ + compared to the intensity 
from the bulk solution, 1^, to be 
J ~ 1 . (2.1) 
B 
Instead, we see from the spectrum that we have 
I„ + I 
-A= 300 , (2.2) 
B 
thus, the enhancement is 
TTïf = 3 X 10^ . (2.3) 
B' B 
One way of demonstrating that the SERS spectrum is indeed due to 
pyridine on, or very near the surface of, the electrode is to observe 
voltage dependence of the Raman lines. According to current theories of 
the electrochemical interface (57,58), most of the potential drop between 
the metal electrode and the bulk electrolyte solution occurs between the 
metal surface and the outer Helmholtz plane. This region is estimated 
to be about 10 to 40 A thick, over which there is a potential drop 
ranging from 0.1 - 0.5 volts. Within this region there exists a very 
6 -1 
high electric field, on the order of 10 volts cm 
Any molecules within this region then will be very strongly affected 
by the applied potential on the electrode. Several authors have measured 
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the potential dependence of the Raman lines from pyridine with inter­
esting results (10,24,44,59). Since pyridine is a neutral organic 
molecule, it should be most strongly adsorbed near the point of zero 
charge (p.z.c.). For a silver electrode in a 10 ^ M Cl solution, the 
p.z.c. is approximately -0.71 V vs. SCE (60). Indeed, the experimental 
plots of the relative intensity vs. applied potential for different 
Raman bands on Ag do have a maximum near the p.z.c. The interesting 
result is that the SERS intensity maximum is different for different 
Raman bands. Furthermore, on Cu and Au electrodes just the opposite 
situation is encountered. There is no correlation between the maximum 
intensity for any of the different Raman bands and the p.z.c. (6,34,61). 
In addition to the enhancement of the Raman bands, several 
authors have pointed out that the background is also enhanced (15,31,62). 
Birke and Lombardi (62) have shown that the potential dependence of the 
-I background at 1300 cm has the same general shape as the potential 
dependence of the 1008 cm mode of pyridine. While investigating the 
enhancement of second-harmonic generation at a rough silver surface, 
Chen and co-workers (63) showed that the decay time for the enhanced 
background signal observed in their experiments was much longer than the 
decay time of the actual second-harmonic signal. Their conclusion was 
that the background is a form of broadband luminescence. This is 
nicely corroborated by the Raman gain experiments performed by Heritage 
et al. (64) at 2000 cm ^. 
Another useful property of Raman scattering, due to the tensorial 
character of the polarizability, which allows the extraction of molecular 
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orientation and symmetry information, is the angular dependence of the 
scattered radiation. For molecules randomly oriented in solution, it 
suffices to measure the intensity of the scattered radiation with the 
incident radiation polarized parallel and perpendicular to the plane of 
incidence. The ratio of the two intensities is the depolarization ratio 
and yields as much analytical information as can be obtained from a 
complete measurement of the angular dependence of the scattered radiation. 
Although several Raman modes of pyridine are polarized in the bulk 
solution, several authors have shown that the SERS modes of adsorbed 
pyridine are all depolarized (11,35,65). One interpretation of this is 
that the pyridine is axially bonded to the silver surface via the nitro­
gen atom and undergoing two dimensional rotational averaging of the 
scattering tensor (11). 
Since the pyridine molecules are presumably oriented to some degree 
on the surface, measuring the angle dependence of the Raman scattered 
radiation surface should yield information on the bonding and orientation 
of the molecule on the surface. Indeed, Trott and Furtak (66) and 
Pettinger et al. (35,65) have shown that there are some very interesting 
features in the angular dependence of SERS. Our results are presented 
in Chapter IV. 
In the work by Pettinger et al., the geometry is arranged so that 
the incident and scattered directions are fixed at 90°, and the sample 
is rotated. In this configuration, for Ag films evaporated onto glass 
substrates, there is a narrow peak which occurs when the angle of 
incidence is around 60° as the sample is rotated. Pettinger also showed 
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that Cu and Au films show a similar structure. As the films are 
electrochemically roughened, other peaks show up at different angles. 
Continuing to roughen the films further causes all of the peaks to grow 
uniformly. After about 100 ML have been reformed, they coalesce into a 
broad unstructured curve extending over the whole range of incident 
angles (0° - 90°), 
Due to the large number of experimental variables in the electro­
chemical environment, there are many complex interactions which must be 
investigated in a systematic way before a comprehensive picture of SERS 
can be had. The most salient features of SERS, which must be accounted 
for in any theory on SERS, have been discussed above. The above discus­
sion will also serve as a background from which to view the work with 
cyanide presented in Chapter IV. 
Theoretical Interpretations 
Sources of the enhancement 
The plethora of theories which have been presented to account for 
SERS is indicative of the complexity of realistic models for the 
interaction between a metal surface and an adsorbate. The difficulty 
stems from the need to model the mechanism of the adsorption process, 
both the electronic and chemical interactions, in such a way that the 
response of the system to an outside stimulus can be predicted. A 
useful review by Hunderi of the optical response of rough surfaces can 
be found in Ref. (67). Also, an excellent review of the early theories 
on SERS can be found in the article by Furtak and Reyes (68). 
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To understand the origin of the different enhancement mechanisms, 
we can rewrite Eq. (1.5) in a more useful form. The measured intensity 
is proportional to 
where C is a collection of constants. Now from classical mechanics a 
can be written according to Eq. (1.2) 
* = "o + 3# 9 ' (1-2) 
From Eq. (1.6), the quantum mechanical description of a is 
„ - y <R,0|p|eXe|g|g,l> <g,0|a|eXe|p |g,l> 
" : (Ee- Eg.o) - - Ife (^6 " Eg,l) + «"o " ' 
Thus, the factors which could possibly be modified to cause an enhance­
ment are E, 3a/3Q, Hw = E - E n, and N. 
o e g,0' 
The theories which have been proposed can be classified broadly 
into five categories based on the primary source of enhancement given 
above, although particular theories may contain more than one kind of 
enhancement mechanism. In the first category, are the image-enhancement 
theories (69-81). The mechanism of the enhancement relies on the 
increase in the local electric field due to the presence of an image 
dipole potential formed in the surface. This yields a much larger 
effective polarizability, given by 
^IND ^ " ' ^LOCAL " "EFF ' ^IN ' 
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In the second category, are those theories which attribute the 
enhancement to large increases in the local electric field brought about 
through geometrical effects. The large local electric field is a 
result of the excitation of localized or extended plasmons on the surface 
or shape effects where the local field at high curvature edges of surface 
irregularities, in the presence of an external field, may be much larger 
than the external field (82-92) . In this case, we can say 
® • %T' + • ®IN • (2-6) 
• C • 
where is the electric field at a flat surface determined by 
Maxwell's equations and A is a geometrical factor for the kind of 
roughness on the surface. 
In the third category, are the theories that rely on the increased 
polarizability of the metal electrons which are modulated by the vibra­
tions of the adsorbed molecule through a coupling mechanism (45,93-101). 
The source of the enhancement can be viewed as an increase in 
" ^ "METAL "O,METAL ^ 
Using a quantum mechanical description for the polarizability 
tensor, the fourth category of theories relies on a continuum of elec­
tronic states such that the condition Koi = E - E . is fulfilled (20, 
o e g,0 
102-110). In this case, the denominator of Eq. (1.6) becomes very 
small, limited only by the line width of the excited state, and this 
results in a large enhancement. The possibilities for the intermediate 
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states range from electron-hole pairs or plasmons to adsorption-induced 
charge transfer states. 
In the final proposal for the origin of the enhancement, the authors 
argue that there are simply many more molecules on the surface of the 
electrode than previously thought (23,30). 
A detailed review of all the theories and their implications is 
beyond the scope of this dissertation. However, since a major portion of 
this dissertation is concerned with investigating the angular dependence 
of SERS, I will examine the angular dependence of the scattered radiation 
predicted or implied by each of the mechanisms. 
There are basically three factors which influence the dependence of 
the detected intensity on the location of the detector. The first is 
the influence of the surface on the directional properties of the 
incident field. The second is the fact that directional properties of 
the field emitted by the scattering system are also strongly influenced 
by the presence of the surface. The third is the fact that the surface 
tends to orient the molecule, through a chemisorption bond, and limits 
its freedom of movement. 
Image field theories 
In the visible spectral region, the optical conductivity of metals 
falls rapidly as the frequency is increased. The result is that the 
conduction electrons can no longer screen the electromagnetic fields 
effectively. Thus, at visible frequencies there can exist nonnegligible 
tangential electric fields on the metal surface. Using the Fresnel 
formulas, the mean square electric field strength for different electric 
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field components can be calculated as a function of the angle of incidence 
and is shown in Fig. 4 (see, for example, (1,111). The z axis is perpen­
dicular to the surface and the y axis is perpendicular to the plane of 
scattering. The incident electric field is polarized either perpendicular 
to the plane of scattering for the y component, or parallel to the scat­
tering plane for the x and z components. The dielectric constants are for 
water and silver (112) at 5145 A. If the metal surface is approximated by 
a perfectly reflecting, flat mirror then the angular dependence is given 
as 
<E^ 
' 2" <a2> = = 4 sin 0 , E X <E > = 0 . (2.8) 
The image field theories that have been worked out in the greatest 
detail have been presented by King, Van Duyne, and Schatz (79), and Efrima 
and Metiu (72,73,111). Using a point dipole approximation for the charge 
distribution of the adsorbed molecule, these two theories proceed to cal-
culate the increase in the local E field, taking into account the effect 
of the image dipole induced in the metal surface. Although the relation 
for the dipole moment (P) induced by the local field is different for the 
two theories, the basic mechanism is the same and can be best illustrated 
in the following way. Let 
f • (2-9) 
where E^ is the image field of the pyridine dipole and is the 
polarizability of the free molecule. In the simplest version, the 
local image field can be expressed as is done by King et al. (79); 
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E FIELD at a Ag-WATER INTERFACE 
< E h  +  < E h  
CM o 
IN 
60 
(DEGREES) 
Figure 4. Variation of the local mean square electric field strength at 
a silver-water interface as a function of the angle of 
incidence and polarization of the incident beam. The optical 
parameters are taken for Ag (112) at 5145 Â and n = 1.333 
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f hi ~ ^ 
'I ' ' 17 • 
where e,. and e. are the complex dielectric constants of the metal and 
MA
ambient medium, respectively, and R is the effective molecule-surface 
separation. 
From Eqs. (2.9) and (2.10), the induced dipole is given by 
Thus, the effective polarizability can be defined as 
•• - "=11. • 
«EFF = = / "°ya ' 
IN 
4R 
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so as ya^/^R 1, the effective polarizability becomes very large com­
pared to the free molecule polarizability. Thus, the source of the 
enhancement is the singular nature of the Coulomb interaction of a point 
dipole with a metal surface. The singular nature of the image dipole 
field causes the magnitude of the enhancement to be extremely sensitive 
to R. Changes in R of only a few hundredths of an angstrom will cause 
orders of magnitude differences in the enhancement. This is an unrealis­
tic situation. 
More important to this work is the prediction of the angular inten­
sity distribution made by these two theories. King et al. use the 
perfect mirror approximation and predict the angular intensity distribu-
2 
tion should go as sin The theory by Efrima and Metiu (72,73,111), 
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however, has a much more complicated angular dependence. They use a 
Green's function formalism to solve the scattered radiation problem and 
Include interference effects due to backscattering from the metal 
surface. They include explicitly in their formulas for the incident and 
radiated E fields the effect of the dielectric constant of silver on the 
boundary conditions at the surface. Thus, when their results are 
idealized to the perfect mirror approximation, the angular dependence is 
given by 
I - sinfe^H sinfeguT . (2.13) 
When the real dielectric constant of silver is used, the angular 
dependence is much more complicated. Figure 5 shows their predictions 
of the angular dependence for the case where only ot^ is nonzero and for 
the case where only is nonzero (73). In this work, p-polarized 
light is defined to have the electric field vector parallel to the plane 
of incidence, and for s-polarized light the electric field vector is 
perpendicular to the plane of incidence. Also, all angles will be 
defined with respect to the surface normal. 
Field enhancement theories 
The second class of theories is that in which the enhancement 
mechanism is due to a very large increase in the local electric field 
caused by geometrical effects. The Raman-active molecules are then 
coupled to the field via the Coulomb interaction. This includes 
theories where geometrically induced resonant excitation of localized 
plasma oscillations occurs in addition to the establishment of strong 
Figure 5. The intensity of the scattered light as a function of angle 
(73). In figure (A), only is nonzero and the incident 
light is p-polarized. Different incident angles 6^^^ are 
considered: (a) 8]-^ = 20°, (b) Bjjg = 40°, (c) 8%^ = 60°, 
(d) Sjjg = 80°. Since only is nonzero, there will not be 
any induced dipole moment for s-polarized light. In figure 
(B), only is nonzero and the orientation of the x axis is 
random (though confined to a plane parallel to the surface). 
The incident light is p-polarized. The angles of incidence 
are: (a) 8%^ = 0°, (b) = 50°, and (c) 8^^ = 80°. In 
figure (C), the incident beam is now s-polarized and the 
angles of incidence are: (a) = 10°, (b) 8]-^ = 30°, 
(c) 8jf^ = 50°, and (d) 8^^ = 70° 
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electric fields near surfaces with large curvatures. Some of these 
theories also include image dipole effects discussed above. 
The geometrical resonance theories (82,83,84,88) rely on the 
increased electric field that occurs near a metallic protrusion on the 
surface when the condition for a localized plasma resonance is satisfied. 
In these theories, the total induced dipole moment in the system is 
proportional to 
I K t l  
where and are the wavelength-dependent dielectric constants of 
the metal substrate, and the surrounding medium, respectively. The 
curvature of the local surface determines % - The value of x ranges from 
X = 1 for a flat surface and y = 2 for a sphere up to x ~ for needle­
l i k e  e l l i p s o i d s .  T h e  c o n d i t i o n  f o r  r e s o n a n c e  t h e n  i s  e . ,  +  x e  = 0 .  
M o 
2 
Since the total intensity is proportional to |P| , overall the intensity 
is enhanced by a factor of 
\ + XE ) 
c.. - e 
(2.15) 
-M * ' 
The condition for resonance can always be satisfied at any wavelength, 
provided there exists on the surface a variety of roughness-produced 
structures of different curvatures. 
In addition to the resonance mechanism for increasing the E field, 
there are theories which depend only on particle shape to increase the 
electric field (86,87,90). The effect is similar in operation to a 
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lightning rod. The large electric fields are caused by the very small 
radius of curvature on the ends of a prolate or oblate ellipsoid. 
Gersten and Nitzan (90) have shown that if a molecule is adsorbed on 
top of a prolate ellipsoid with the symmetry axis of the ellipsoid and 
the molecular dipole aligned, then this mechanism is very effective for 
causing an enhancement. As the molecular dipole is moved down the side 
of the ellipsoid, the enhancement becomes much less. 
The angular dependence is very difficult to predict. Even for very 
simple spherical particles, Kerker et al. (84) have shown that the 
angular dependence of the scattered radiation is a complicated function 
of particle size and optical constants. In addition, the orientation 
and number of molecular dipoles located on the surface also influence 
the angular dependence. If there are interactions between these spheres, 
then the effect will be to introduce higher order multipoles. The result 
will be that the emitted radiation becomes depolarized (67), 
Aravind, Nitzan, and Metiu (86) have shown that the direction and 
magnitude of the electric field between two interacting metal spheres, 
with no molecular dipoles present, can be very complicated. It is 
peaked in various directions depending on the size and distance between 
the two spheres. Thus, the general case, which may be expected from the 
uncontrolled manner in which the surface roughness is produced, of an 
arbitrarily shaped ellipsoid with one or more molecular dipoles located 
on the surface is completely intractable. 
In such a case, the angular dependence will be an incoherent super­
position of the fields radiated from each individual molecular dipole. 
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The field radiated from each dipole will depend on the boundary condi­
tions imposed by the ellipsoid on which the molecular dipole is adsorbed. 
This should yield results very similar to the angular dependence of 
fluorescence from dye molecules imbedded in dielectric spheres and 
cylinders (113). 
Polarizability theories 
In the third category, are those theories which rely on the increased 
polarizability of the metal electrons to provide the enhancement 
mechanism (52,53,94-101). The basic idea is that the vibration of an 
adsorbate on a metal surface will not only modulate the polarizability 
of the electrons in its own electron cloud, but it also will modulate 
the electrons in the metal that are within the Thomas-Fermi screening 
distance. Since the conduction metal electrons are more polarizable 
than those of the molecule, this additional Raman scattering may be more 
intense. 
In Otto's theory (95), the modulation of the electronic polariz­
ability at the metal surface by the vibrating adsorbate occurs through a 
Van der Waals-type interaction, similar to the Mclntyre-Aspnes theory 
of electroreflectance (114). An essential feature of this theory is 
the coupling of the metal surface to the radiated photon field by 
Fourier components of the surface roughness profile. These Fourier 
components can be interpreted as momentum vectors supplying the necessary 
momentum to couple the energy to the photon field. 
The angular dependence of the emitted radiation will depend on the 
distribution o'c momentum vectors on the surface. On evaporated Cu 
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films, it has been shown that there is a continuous and uniform distribu­
tion of wavevectors on the surface (115), but due to the uncontrolled 
method of producing surface roughness in the anodization process the 
distribution of wavevectors is unknown. If some property of the film 
causes the anodization to occur only in certain locations, then it is 
possible for there to be a dominant wavevector on the surface. In that 
case, the emitted radiation would be confined to certain directions. 
Other proposals use different coupling mechanisms. Maniv and 
Metiu (94) consider a screened Coulomb interaction between the vibrating 
molecule and electron-hole pairs created in the metal by the incident 
photon field. In the theory by McCall and Platzman (97), the vibrations 
of the molecular ion cores directly modulate the metal electrons through 
the chemical bond. 
Moskovits (99,100) has taken this a step farther. His theory is 
based upon the excitation and coupling of an adsorbate to plasma-like 
oscillations in spherical bumps on the surface. The spheres range in 
size from a few tens of angstroms up to hundreds of angstroms. The 
additional feature of his theory is that the spheres have a collective 
interaction called an optical conduction resonance, akin to a plasma 
resonance in a single particle. This feature is very similar to the 
geometrical resonance theories discussed above, the adsorbed molecule 
(or molecules) forms a chemical bond to a spherical bump and modulates 
the conduction electrons in the bump via the vibration of the electronic 
cloud involved in the chemical bond (101,116). The enhancement is a 
result of the resonant interaction between these spheres and the 
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incident photons, with the polarizability of the spheres being modulated 
by the adsorbed molecule. 
The interaction of optical conduction resonances with photons 
described in this theory has certain similarities to elastic scattering 
theories, as pointed out by Trott and Furtak. (66). In general, for 
inelastic emission the angular pattern will be described by an incoherent 
superposition of fields from the molecules in the presence of the 
boundary conditions imposed by their respective particles. However, if 
the distance over which the collective interaction of the plasma 
resonance approaches X/2it, then we might expect angular peaks similar to 
that observed for elastic (Mie) scattering. Without knowing any details 
about the surface topology, the angular intensity distribution will be 
very difficult to calculate. 
Resonance theories 
The fourth category of theories involves the adsorption-induced 
mixing of the isolated molecular electronic states with a continuum of 
states in the metal. These theories explicitly calculate the renormal-
ized wavefunctions of the system. The incident photon interacts then 
with a continuum of states, producing a resonance Raman effect over 
a wide range of frequencies. The basis for the enhancement is the 
denominators in Eq. (1.6) becoming very small. 
There are a variety of elementary excitations in the metal which 
conceivably could be used to mix with the molecular states of the 
adsorbate. Several of the theories rely on coupling to surface plasmons 
(20,103-107). Other theories use electron-hole (e-h) pair (109,110) 
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or charge-transfer states (102,108). Because of the localized nature of 
the adsorbate, it would seem reasonable that a localized state on the 
metal surface would be more strongly coupled to the adsorbate than an 
extended state. Hence, there would be a larger enhancement with the 
localized state than if the coupling were to an extended state. 
All of the resonance theories require some source of momentum to 
couple to the excitation manifold. Even the charge-transfer mechanisms 
can be thought of as a special case of e-h pair excitation where one 
half of the e-h pair is located on the molecule and the other half in 
the metal. Although on a smooth surface nonlocal effects in the 
presence of the adsorbate are sufficient to produce e-h pairs, more 
efficient creation of e-h pairs is expected on rough surfaces. Rough 
surfaces would also enhance the coupling to surface plasmons, so for 
these theories the angular dependence is a function of the parallel 
momentum supplied by the surface. 
Number theory 
In the final category of enhancement mechanisms, the authors argue 
that the enhancement of the surface Raman signals is simply due to there 
being more molecules on the surface of the silver electrodes than 
previously thought (23,30). In a previous paper (117), they identified 
-1 -1 
peaks at 1360 cm and 1580 cm in the Raman spectra from salt solutions 
on silver electrodes as a form of graphitic carbon overlayer on the 
surface. Since graphitic carbon can have very high surface areas, the 
simultaneous appearance of these bands with the pyridine bands in a SERS 
spectrum leads them to conclude, along with other evidence, that pyridine 
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in amounts large enough to account for the enhancement, has been inter­
calated into the graphitic carbon. However, radioisotope and chrono-
coulometric measurements do not support their position. 
However, assuming their conclusion to be true, there then would be 
a large number of pyridine molecules that would be removed physically 
from the influence of the silver surface and the electrochemical double 
layer on the incident electric field. The pyridine molecules can either 
be randomly oriented in the carbon or, if the carbon is layered, 
oriented in parallel layers. If the pyridine is randomly oriented, then 
one would expect to see the same angular dependence as the molecules in 
solution. This can be readily checked by measuring the depolarization 
ratio of the adsorbed pyridine bands compared to the solution pyridine 
bands. They are not the same (11,35,65). If the pyridine were absorbed 
in parallel layers, then different components of the polarizability 
tensor could be determined by changing the angle of incidence. 
Summary 
In summary then, four different types of angular dependence can be 
identified, depending on the mechanism of enhancement. 1) The dielec­
tric constant of silver will modify the magnitudes of the incident and 
radiated electric field components as a function of angle, restricting 
the allowed directions of the induced dipole moment on the adsorbed 
molecule. This can be calculated exactly; examples of this are given 
in Fig. 5. 2) Mechanisms which couple the adsorbed molecule to electron-
hole pair excitations in the metal will require Fourier components of 
the surface roughness profile to supply the necessary momentum parallel 
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to the surface to couple with these states. The angular distribution 
will depend on the distribution of momentum vectors. Due to the uncon­
trolled manner by which the surface roughness is produced, this distribu­
tion is unknown. 3) For collective excitations the incoherent super­
position of the radiated fields, in the presence of the boundary condi­
tions imposed by the nature of the surface on which the molecule is 
adsorbed, yields two possibilities for the angular dependence. If the 
collective interactions occur over a region with dimensions approaching 
X/2tt, there may be peaks in the angular dependence. Otherwise, the 
incoherent superposition of the field from each dipole will wash out 
any angular dependence of the emitted radiation. 4) Finally, if the 
electric field interacts only with the molecule, then we should be able 
to obtain information on the symmetry and orientation of the molecule 
on the surface. 
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CHAPTER III. EXPERIMENTAL 
Experimental Control Systems 
The Raman system 
The essential requirements of a source for the excitation of Raman 
spectra are: it must be highly monochromatic, provide a high irradiance 
at the sample, and be capable of continuous operation. A gas laser meets 
these requirements perfectly and, in addition, provides radiation which 
is self-collimated and plane polarized. The experiments were done 
primarily with a Spectra Physics 165 5 W Ar ion laser. A Spectra Physics 
165 Kr ion laser was also available. However, unless otherwise noted, 
all spectra were taken using the Ar laser, adjusted for single-mode 
operation at a wavelength of 5145 A. 
Power to the laser was supplied by a Spectra Physics 265 exciter 
power supply. The power supply current was adjusted so the incident 
power on the sample was between 30 mW and 150 mW. Increasing the power 
beyond 150 mW caused the lifetime of a SERS signal to become dramatically 
shorter. After a 30-minute warm-up period, there was no noticeable drift 
in the laser output power, as measured by the power meter on the laser 
power supply. Although this is a rather coarse measurement, efforts to 
stabilize the laser output further did not increase the signal-to-noise 
ratio. 
The output of the laser was focused to a spot roughly one millimeter 
in diameter on the samples. Although the laser output was polarized, 
since all bands in a SERS spectrum are depolarized, the signal intensity 
did not depend on the incident polarization. This was experimentally 
verified by rotating the plane of polarization of the laser beam while 
observing any change in the intensity of the signal level. There was 
no change in intensity as a function of incident polarization. 
The fact that the signal levels for a SERS spectrum from pyridine 
on a silver electrode are enhanced approximately 10^ times over the 
expected nonenhanced levels does not necessarily mean that SERS bands 
are always easily observable. Because the intensity of any Raman-
scattered radiation is so low relative to Rayleigh-scattered radiation, 
it is essential that stray light in the monochromator be minimized or, 
ideally, eliminated. This requires a monochromator system with very 
high discrimination. Usually, this means a double monochromator system 
-10 -11 -1 
with a light rejection factor of 10 to 10 at 50 cm from the 
exciting line. 
The monochromator used for these experiments was a Jarrell-Ash 
25-400 Raman Spectrometer. It is a Czerny-Turner double monochromator 
with a one-meter focal length and an f/8.7 effective aperture ratio. 
Because of the low signal levels associated with a weakly anodized 
surface, it was desirable to increase the throughput of the monochroma­
tor by opening the slits, shortening the time necessary for a spectrum. 
Usually, the slits were set at 300 microns, which yields a band pass of 
-1 o 
about 8 cm at 5145 A. 
The input optics consisted of an f/1.8 55 mm camera lens mounted 
on a motorized XY translation stage. The positioning of the lens 
could be accomplished with a joy stick from outside of the sample 
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chamber. For the angular measurements discussed below, the lens was 
stopped down to f/3.5 to increase the angular resolution. 
The detection system consisted of a cooled (-20°C) photomultiplier 
tube with an S-20 response curve, suitable for visible frequencies. High 
voltage for the tube was supplied by a Fluke 405B high-voltage power 
supply. The optimum voltage for the photomultiplier tube was -1460 V. 
The current pulses from the photomultiplier tube were amplified with a 
Princeton Applied Research (PAR) 1121 amplifier, and passed to a 1121 
discriminator control unit. The discriminator provided both a pulse 
output for subsequent counting and an output to a PAR 1109 photon counter 
with an analog output. 
The lasers, monochromator, sample chamber with all input optics, 
and the detection system were mounted on a Newport Research Corp. 
research series table top. The table, which is internally damped to 
reduce vibrations, was mounted on four vibration-isolation support 
posts. 
During the course of this research, the operating system was 
changed from analog to digital format. This allowed greater control of 
the experiment and ease of data handling. Also, the monochromator and 
detection system could then easily be interfaced to a computer. The 
final result was a three-way parallel output of the data. 
The photon counter displayed the number of counts per second which 
served as a visual check of the whole system. The pulse output of the 
discriminator went to a pulse-shaper circuit which converted the photon 
pulses to a TTL-compatible signal. The photon pulses then went to an 
44 
NS-570A Tracor Northern Digital Signal Analyzer and a computer. The 
signal analyzer was used in a multichannel scaling mode. This provided 
a real-time display of the spectra as they were being recorded. It 
also could store the resultant spectrum for comparison with a limited 
number of other spectra. 
The computer was used to compile a permanent record of the data and 
perform any extensive data analysis on the spectra. The computer was 
also programmed to run the monochromator. Initially, a Hewlett Packard 
9815A desk top calculator interfaced with a 9862A plotter was used. 
Due to the limited amount of active storage in the calculator, when a 
Digital MINC-11 minicomputer became available the system was switched 
over to it. 
Electrochemical control 
Electrochemical control over the silver samples was maintained 
with a PAR 173 potentiostat coupled with a PAR 175 universal programmer. 
A standard three-electrode cell was employed for all experiments. A 
platinum gauze was used for the counter electrode. A saturated calomel 
electrode (SCE) was used as a reference electrode and all voltages were 
measured relative to it. All spectra for pyridine were taken at -0.6 V 
where the maximum intensity of the 1008 cm ^ band of adsorbed pyridine 
occurs (11). The cyanide spectra were all taken at a potential of 
-0.8 V where the maximum intensity of the 2114 cm ^ mode occurs (16). 
The solutions used in the experiments were made from analytical 
reagent-grade chemicals and triply-distilled water. The first distilla-
-3 -2 
tion was from a 5 x 10 M KMnO. and 3.3 x 10 M NaOH solution. This 
4 
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effectively oxidized any organic molecules that were present in the feed 
water. The standard solutions consisted of 0.05 M pyridine plus 0.1 M 
KCl for the silver-pyridine experiments, and 0.01 M KCN plus 0.1 M 
NagSO^ for the silver-cyanide experiments. All solutions were continu­
ously deoxygenated by bubbling prior to and during the experiments. 
Samples and mounts 
A variety of different samples, mounts, and electrochemical cells 
were used during the course of the experiments. All of the experiments 
with cyanide on silver used single crystal bulk silver samples. Most of 
the results were obtained on a Ag sample with (110) orientation, but 
samples with (111) and (100) faces were also used. Due to the neces­
sity of producing some degree of surface roughness, it is uncertain to 
what extent the different crystallographic faces affected the experiments. 
Pettinger and co-workers have observed that the voltage dependence for 
several different vibrational modes of pyridine is different on differ­
ent crystal faces (24). 
The bulk single crystal samples were mounted in teflon using the 
technique outlined by Nagy and McHardy (118). A typical Raman electro­
chemical cell used for the cyanide experiments, with a cross section of 
the sample mount is shown in Fig. 6. After annealing the teflon pellet, 
the front surface was machined away to expose the surface of the silver 
sample. Electrical contact was made to the back of the silver sample with 
a copper wire. To insure a good ohmic contact, a drop of silver paint was 
put on the end of the copper wire. To isolate the wire a 6 mm pyrex tube 
was forced into a slightly undersized hole in the back of the teflon 
Figure 6. Raman electrochemical cell for use with bulk Ag samples. The gas inlet and outlet 
are omitted for clarity 
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mount with the copper wire running through it. It is important to 
prevent any secondary, undesirable electrochemical reactions from 
occurring at the copper wire. 
Before inserting the pyrex tube in the back of the teflon mount, 
the tube and the teflon with the silver crystal exposed were thoroughly 
cleaned in aqua regia (HCliHNO^, 1:1). This removed any contaminants 
from the annealing or machining process. The time that the silver was 
exposed to the acid was kept to a minimum to prevent an excessive amount 
of etching from taking place. This was followed by a thorough rinse in 
triply distilled water. After cleaning, the teflon mount and the pyrex 
tube were handled only with plastic gloves. 
After cleaning the surface of the silver sample, it was prepared 
for the experiments by mechanical polishing on a Buehler 69-1000 
Minimet Automatic Polisher, using slurries of Al^O^ powder down to a 
grit size of 0.05 microns. The samples were ultrasonically cleaned 
after each grade of powder to prevent the larger grit sizes from con­
taminating the slurries of the next smaller grit size. After the final 
polishing step, the sample was thoroughly rinsed with triply distilled 
water. Any further surface preparation depended on the type of experi­
ment to be performed. 
The angular experiments with pyridine were done on evaporated silver 
films. All the silver films were evaporated in an ion-pumped vacuum 
system. The base pressure was < 10 ^  Torr, rising to 10 ^ Torr during 
the evaporation process. Evaporation was done by electron beam heating 
of a ball of silver. 
Initially, the silver films were 2000 A thick, evaporated at room 
temperature onto glass microscope slides. From a study of the evapora­
tion rate on surface roughness which will be discussed in Chapter IV, 
it was found that the smoothest films were produced when the evaporation 
o 
rate was about 100 A/min. The microscope slides were thoroughly cleaned 
in trichloromethane and acetone before putting them in the vacuum 
system. If the glass slides were not cleaned, then the silver film 
would come off when it was put in the cell solution. Prior to evapora­
tion, the glass slides were preheated to 400°C to thermally desorb any 
residual contaminants. 
In an effort to make even smoother silver films, the final angle-
O 
resolved experiments were done with 1000 A epitaxially-grown silver 
films evaporated onto freshly-cleaved mica surfaces. The optimum 
epitaxial growth conditions are achieved when the mica substrate is 
heated to 275°C and the Ag is evaporated at a rate of 500 A/min (119). 
There are two requirements which must be met by a Raman electro­
chemical cell. The first is that provisions must be made for the 
reference and counter electrodes. The second is there must be a con­
venient way to get the laser beam in on the sample and the Raman shifted 
photons back out. In my particular cell, shown in Fig. 6, the sample 
was positioned about 7 mm behind the center of a pyrex window. The 
laser beam came in the top of the window at about 70°, was reflected off 
the sample, and went out the bottom of the window. The laser beam must 
not hit the sides of the cell otherwise an undesirable amount of non-
specular scattering is created which enters the monochromator. 
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The reference chamber was filled with 0.1 M KCl for the pyridine 
experiments or 0.1 M NagSO^ for the cyanide experiments. Since a SCE 
electrode is a very high impedance device with negligible current flow, 
by simply wetting the glass around the teflon stopcock there was suffi­
cient ionic conductivity for proper operation of the SCE, while pre­
venting contamination of the reference chamber with cyanide or pyridine. 
The counter electrode chamber held a platinum counter electrode fit 
with a teflon plug. The medium glass frit allowed sufficient ionic 
conductivity between the sample compartment and the counter electrode 
while restricting mass transport of ions and molecules between the two 
chambers. 
Ideally, any electrochemical cell should be designed so it can be 
constructed out of totally inert materials, i.e., quartz or pyrex and 
teflon. The cell shown in Fig. 6 is constructed in this way. Hence, 
before each set of experiments it was cleaned in aqua regia and 
thoroughly rinsed with triply distilled water. Special attention was 
given to the glass frit, since it is the hardest part to clean. A low 
level vacuum, supplied by a hand aspirator, was used to draw the cleaning 
acid and rinse water both ways through the frit. 
Fiber optic system 
In the second phase of this research, the objective was to measure 
the angular dependence of SERS. Since for molecules in solution, all 
the angular dependent information about a particular mode can be obtained 
by measuring the depolarization ratio (120,121,122), and for crystals 
a few simple geometries suffice (123), there was very little information 
in the literature which could tell us the best way of measuring the 
angular dependence. There was only one paper where the authors directly 
measured the angular dependence of Raman scattering from a solution 
(124). In this case, they attached the laser to a large mechanical 
mount which could rotate around the sample. 
This was unacceptable for these experiments because the monochroma-
tor and lasers are too large and fragile to mount in such a configuration 
Our idea then, was to use two flexible fiber-optic light guides to vary 
independently the incident and collection angles, while leaving the 
laser and monochromator fixed in place. One end of each of the light 
guides could be moved around the sample while the other end could be 
fixed to the laser or the monochromator. 
Thus, an apparatus was built to hold the ends of the fiber bundles 
around a sample. In order to verify that one could measure the angular 
dependence of Raman scattering by using the fiber bundles, the apparatus 
- I  
was tested using the polarized 992 cm mode of benzene, which had 
already been discussed in the literature (124). An overview of the 
results will be presented here; for a more detailed discussion the 
reader is referred to the paper by Trott and Furtak (125). 
The details of the mounting apparatus are shown, along with an 
exploded view of the fiber bundle holder in Fig. 7. The commercially 
available fiber bundles (Ealing) are 1/8 in. in diameter by 3 ft long 
and are composed of optical fibers 60 microns in diameter that have a 
numerical aperture of 0.55. The end of each holder held an achromatic 
lens and a polarizer. The incident or collection polarization direction 
can be easily varied by rotating the holder. 
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Scale diagram of the mounting device (right) and exploded view 
of one of the fiber bundle probes (left) . The sample is 
positioned at the optical center (A). The fiber bundle 
probes fit into two of the 25 available holes. The probe con­
tains a polarizer (B) and an achromatic lens (C) which 
optically couples the end of the fiber bundle (D) and the 
sample. The collar (E) ensures that the end of the probe 
remains at the same distance from the sample in any of the 
holes 
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The laser beam was passed through a diverging lens before striking 
the input end of the incident beam fiber bundle. This caused the fiber 
bundle to be uniformly illuminated. The rectangular end of the collec­
tion fiber bundle was focused onto the entrance slit of the monochroma-
tor. One interesting feature of the fiber bundle was that it effectively 
depolarized the scattered light, thus eliminating the need for a 
depolarizer in front of the entrance slit. Because of the high numerical 
aperture of the fiber bundles, the throughput of the entire apparatus 
was low. However, benzene is a strong Raman scatterer and with the 
excess power available from the laser, the low throughput was not a 
problem in this experiment. 
To demonstrate the apparatus, a 1 cm diameter cylindrical vial 
filled with benzene was mounted at the focus of the optical probes with 
the axis of the vial perpendicular to the plane defined by the incident 
and scattering directions. With the center of the vial mounted at the 
point of intersection of the incident and scattered optical foci, 
identified visually by Tyndall scattering from suspended particles in 
the benzene, there was no distortion due to the curvature of the vial 
walls. 
-1 
The angular dependence of the 992 cm Raman mode of benzene was 
investigated. The depolarization ratio was reported to be p = 0.065 
(122). The 5145 A argon line was used with 35 mW intensity at the 
sample. The predicted angular dependence of the scattering has been 
previously described for randomly oriented molecules (122,126). 
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The predicted scattered intensity with the incident beam polarized 
perpendicular to the scattering plane is = A[(l + p)/p]. For the 
incident beam polarized parallel to the scattering plane, the angular 
2 dependence is given by E| = A{2 + [(1 - p)/3p]cos 6 , where A is an 
angle-independent constant, 9 is the angle between the incident and 
scattering direction and p is the depolarization ratio. 
It was also necessary to include a volume correction when analyzing 
the experimental results. This was necessary because as the angle 0 is 
varied, there is a change in the intersection volume defined by incident 
and scattered beam optics. The correction amounts to an additional 
- I  factor of (sin 0) which must be applied to both the parallel and the 
perpendicular results. 
The results of the test demonstration are shown in Fig. 8. The 
solid curves represent the theoretical prediction. The experimental 
points were divided by sin 0 before they were plotted. The agreement is 
excellent, comparing favorably with the data of Ref. (121). 
Next an attempt was made to measure the angular dependence of SERS 
with this apparatus. A special pyrex cell was built with a hemispherical 
window, cut from a small light bulb, epoxied onto the front. Evaporated 
silver films were positioned at the center of the hemispherical window 
and then placed at the intersection of the optical foci. Because of 
the low overall throughput of the system, the SERS signal could not be 
detected until after 25 ML of silver had been reformed. This was an 
undesirable situation because after 25 ML of silver have been reformed, 
there is no reason to believe that the majority of pyridine molecules 
are uniformly oriented at the surface. 
Figure 8. Angle resolved Raman spectrum of the 992 cm mode of benzene, shown here as a demon­
stration of the feasibility of using fiber optic light guides for angular measurements 
of Raman intensities. The incident beam is fixed in the central hole of the mount. 
Data are shown for two polarizations of the incident radiation; perpendicular and 
parallel to the plane of the figure, which is the scattering plane. The correction for 
scattering through different solution volumes has been applied to the experimental data 
as described in the text 
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The two basic drawbacks to this original configuration were the low 
efficiency of the fiber bundle for detecting the Raman shifted photons 
and the high numerical aperture of the fiber bundles themselves. The 
consequence of a high numerical aperture is that the light diverges 
from the end of the fiber bundle as 6 = arcsin(NA), where NA is the 
numerical aperture. The result was that a large range of angles were 
unusable because the specularly reflected light enters the monochromator. 
Two modifications were effected to correct these difficulties. 
The first modification consisted of redesigning the mounting 
apparatus to that shown in Fig. 9. This is essentially a modified 
student spectrometer. All the angular measurements on SERS were made 
with this apparatus. In this configuration, the scattered light is 
focused by the collection lens directly onto the entrance slit of the 
monochromator. The lens was stopped down to f/3.5 which gave an angular 
resolution of 20 = 12°. The collection angle was varied by rotating 
the sample. 
The second modificaton involved obtaining a different fiber optic 
cable. The new fiber optic cable consisted of a single strand 1 mm in 
diameter with a numerical aperture of 0.22 obtained from Math Asso­
ciates Inc. A simple test showed that with conventional lenses the 
laser beam could be focused easily to a spot 0.5 mm in diameter, so 
there was no difficulty in getting enough light through the light guide 
to the sample. Also, the low numerical aperture helped reduce the amount 
of specularly reflected light into the monochromator. 
The fiber optic light guide was mounted with a focusing lens in an 
arm that rotated about the same axis as the sample. The laser beam 
Figure 9. Raman cell for angular measurements of the SERS signal from 
Ag evaporated onto glass or mica substrates. The base of 
the apparatus has been tipped forward 45° for clarity. The 
samples are slid vertically into the teflon holder and were 
held in place by the Ag wire contact. Both the sample 
holder and the arm holding the fiber optic light guide were 
free to rotate 
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could be focused directly onto the sample and the sample rotated, as in 
the work by Pettinger et al. (65), or it could be directed through the 
fiber optic light guide to allow the incident and collection angles to 
be varied independently. 
In Fig. 9, the reference and counter electrode compartments are in 
the top half of the cell. A silver wire enters through the teflon in 
the base of the cell and makes a pressure contact with the silver film 
when it was slid into the cell. 
Experimental Procedures 
Sample activation 
During the investigation of SERS from cyanide on silver, two new 
techniques were developed for obtaining a SERS signal without any 
anodization procedure. The first method was an electropolish technique 
used for single crystal silver surfaces. The electropolish solution 
consisted of 0.26 M AgCN, 1.37 M KCN, and 0.27 M K2^^3' silver 
sample was inserted in this solution at +0.25 V. After about 2 minutes, 
it was removed from the electropolish solution under potientiostatic 
control and inserted into the Raman cell at -0.8 V, also under potientio­
static control. The sample surface was not rinsed during the transfer. 
This procedure resulted in a signal level of a few thousand counts per 
second. 
The second method which would produce a SERS signal without 
anodizing the sample was to mechanically polish the sample with a 600 
micron abrasive followed by a water rinse and a peroxide etch 
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(HgOgZNHgOH, 3:5). After a second rinse, this surface can be introduced 
into the Raman cell containing the cyanide solution at -0.8 V and a SERS 
signal can be obtained. A modification of this technique proved very 
useful in two silver alloy studies (127,128). 
Alignment of Raman cell for angle resolved measurements 
The alignment of the angle resolved Raman cell is a nontrivial 
matter. Both the incident and collection optics must be focused on the 
axis of rotation and the axis must be in the plane of the sample. The 
technique which seemed to yield the best results is described below. 
All angles were measured with respect to the surface normal. The first 
steps of the alignment procedure define the direction of the surface 
normal with respect to the monochromator axis and incident beam axis. 
The final steps position the laser spot on the axis of rotation. 
First, remove the collection lens and align a small He-Ne laser so 
that the beam passes through the middle of the entrance slit and 
strikes the center of the top grating in the monochromator. A side panel 
of the monochromator must be removed to do this. Make sure the exit 
slit is closed and the high voltage to the photomultiplier tube is off! 
Next put the silver sample in the beam so that it reflects the beam 
straight back to the He-Ne laser and set 8^^^ = 180°. Rotate the 
sample until 8^^^ = 90° and move the light guide so that the incident 
beam is reflected straight back on itself. This identifies a reference 
angle from which it is possible to determine the angle of incidence 
with respect to the surface normal. The collection axis should now be 
perpendicular to the incident direction axis. Rotate the sample until 
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Qqiit - 45°. The incident beam from the light guide should be reflected 
straight onto the entrance slit. If not, then repeat the above steps. 
After satisfactory completion of the above steps with 8^^^ = 45°, 
the collection lens can be moved in front of the slit and aligned so 
that the light from the sample is still reflected straight onto the 
slit. Next rotate 8^^^ between 20° and 70° and look for any motion of 
the spot on the slits. The easiest way to do this is to anodize the 
sample and adjust the collection lens to obtain a maximum intensity of 
a Raman mode at 70°. Then rotate the sample to 20°. If the spot is 
still centered on the slit, the intensity will still be at a maximum for 
that position of the collection lens, although the absolute magnitude 
of the intensity may be different than it was at = 70°. 
If at = 20°, an increase in intensity can be had by moving the 
collection lens, then the incident beam is not on the axis of rotation 
of the sample. The solution is to make small horizontal adjustments to 
the incident beam focusing lens. This will move the position of the 
laser spot on the sample. Continue rotating the sample between 20° and 
70°, checking for a relative maximum at each angle, and adjusting the 
focusing lens until the spot no longer moves on the slit. When no 
motion can be detected, then the whole process must be repeated over 
again to realign the incident angle with respect to the surface normal. 
It usually takes much less time the second time. 
If it is impossible to find a position on the sample surface where 
there is no motion when the sample is rotated, then the film is either 
cracked or the plane of the sample is not coincident with the axis of 
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rotation. In the first case, the sample can be replaced. In the second 
case, the position of the sample must be adjusted by using teflon shims. 
Correction factors 
As the incident and collection angles are rotated, one must realize 
that the area of the sample illuminated by the incident beam changes as 
a function of angle. Similarly, the area of the sample collected by 
the entrance slit changes as a function of angle. Thus, a correction 
factor must be applied to the data to account for changes in Raman 
intensity which are due to geometrical effects. 
The correction factor is given by 
C = X arctan ^  ^ j 2 (3.1) 
where 
. • . 
IN 
S is the horizontal dimension of the image of the spot on the entrance 
slit and X = 0.3 is the slit width in millimeters. If S < 0.3, then 
the image is completely within the slit and C = 1. The magnification 
of the collection lens was found to be M = 1.27. To obtain the correc­
tion factor for Pettinger's geometry, one simply sets 8^^^ = 90° -
The correction factor is plotted for various different angles in 
Fig. 10. 
Figure 10. Geometrical correction factors for the angular resolved measurements. The solid lines 
are for the independent angle geometry where the incident and collection angles can be 
moved independently of each other. The correction factor, as a function of angle of 
incidence, is plotted for different collection angles, (a) Squt ~ 20°, (b) 0OUT = 40°, 
(c) Squt ~ 60°, and (d) Gqut ~ 80°. The dotted line (e) is for the right-angle 
geometry where 9+ Oqut ~ 90°. The abscissa is Qqut this case 
CORRECTION FACTOR 
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CHAPTER IV. RESULTS AND DISCUSSION 
Chemical Origins of SERS Investigated with Cyanide 
Electrochemical activation 
The only reports of SERS from cyanide on a silver surface extant 
when this research was begun were by Otto (15), at the air-silver 
interface, and Furtak (16) in an electrochemical cell. These preliminary 
studies served only to demonstrate the SERS effect from cyanide on Ag. 
Although the enhancement only occurs when the cyanide is adsorbed on the 
Ag surface, the details of the chemical interactions were completely 
unknown. Thus, this research was directed initially toward investigating 
the chemical origins of the enhancement. 
A Raman spectrum from adsorbed cyanide on a silver electrode is 
shown in Fig. 11. The most prominent feature is the C = N stretching 
-1 -1 
mode at 2114 cm . There are also three low-energy modes. The 216 cm 
mode corresponds to the Ag-C stretching frequency, while the other two 
modes could be vibrational modes. The bending mode of water at 1600 cm ^  
is barely perceptible. As shown in this figure, the SERS spectrum of 
cyanide is much simpler than that of pyridine. 
Since the SERS signal from cyanide on silver was first produced via 
an anodization process, an investigation of the electrochemistry of the 
Ag-CN system should yield some insight into the role of the anodization 
process. A plot of the cell current versus the applied potential 
(I-V curve) is shown by the solid line in Fig. 12. To produce a SERS 
signal, it is necessary to oxidize the Ag surface through reaction C. 
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Figure 11. Surface-enhanced ^man spectrum from cyanide on Ag showing the dominant stretching 
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modes at 2114 cm ^ (C H N) and 226 
0.01 M KCN 
cm"-*- (Ag-C) . The solution is 0.1 M Na2S04 plus 
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Figure 12. Cell current versus applied voltage for Ag, demonstrating the 
different electrochemical surface reactions. For the solid 
line the solution is 0.1 M NaoSO^ plus 0.01 M KCN. The 
sweep rate was 20 mV/sec. (A) Ag + 2CN~ ->• Ag(CN)2 + e~. 
(B) Ag(CN)2 + e" -> Ag + 2CN-. (C) Ag + CN" AgCN + e". 
(D) AgCN + e~ -> Ag + CN. For the dashed line the cyanide 
is absent and the pH was adjusted to 10.6 
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The shape of the peak in this region indicates that an insoluble compound 
is formed on the surface of the Ag electrode, blocking any further reac­
tions from occurring at the surface. From tabulated values of standard 
reduction potentials (129), it was uncertain whether reaction C involved 
the formation of insoluble AgCN: 
AgCN + e" Ag 4- CN~ , = -0.257 , (4.1) 
or the formation of insoluble AggO: 
Ag 0 + HgO + e" ^ 2Ag + 20H" , = +0.105 . (4.2) 
One way to discern which of these two reactions was occurring is to 
look at the I-V curve in the absence of cyanide. It must be realized 
though, that adding KCN to a NagSO^ solution changes the pH of the solu­
tion. From the concentration of CN in the solution and the tabulated 
value of the dissociation constant (pK^) for HCN, the pH of a 0.01 M KCN 
solution can be calculated as follows. HCN will dissociate according to 
HCN ^ H"*" + CN" . (4.3) 
The dissociation constant can be written as 
\ 
Realizing that in a basic solution [HCN] = [OH ], the pH will be given by 
I 10"" \ 
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For HCN the pK^ = 9.3 (129) which yields a pH = 10.6 for a 0.01 M KCN 
solution. This was verified with a pH meter. 
The dashed line in Fig. 12 shows that I-V curve for a 0.1 M NagSO^ 
solution. The pH was adjusted to 10.6 by the addition of small amounts 
of NaOH. Formation of AggO on the silver surface does not occur until 
about 0.4 V. Thus, the reaction in region C consists of the formation of 
AgCN. 
In another experiment, it was shown that the formation of AggO is 
sufficient to obtain an effective activation. First the electrode was 
anodized in the absence of cyanide. When cyanide was subsequently added 
to the solution, the characteristic SERS signal appeared. 
The formation of AgCN or AggO performs the same function as the 
formation of AgCl in the pyridine system. Both AgCN and AggO are 
insoluble and remain on the surface of the electrode. When the poten­
tial is returned to more negative values, the Ag atoms are reduced and 
deposited on the electrode in a nonequilibrium manner. This process 
roughens the electrode surface and creates an appropriate active site 
for adsorbing the cyanide. The active site may be adatoms or small 
clusters of atoms. 
In region A the reaction is 
Ag + 2CN" Ag(CN)~ + e" , = -0.550 . (4.6) 
This results in a soluble complex formed on the surface which 
diffuses into the solution. This reaction does not condition the surface 
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in the same way as reaction C. Furthermore, once the signal is present, 
regardless of the manner in which it was obtained, it is sensitive to 
quenching by reaction A. The active sites are removed by the formation 
of Ag(CN)2* Thus, it is necessary to step the applied voltage rapidly 
between region C and -0.8 V to avoid quenching the SERS signal. In 
addition, the SERS signal can be quenched by applying a negative voltage 
(-1.4 V). Although the enhancement often recovers from large negative 
voltage excursions, it is frequently irreversibly smaller. 
Identification of the surface species 
Although the Raman band at 2114 cm is indicative of a C = N 
stretching vibration, it is not at the same frequency as that of free 
CN in solution (2085 cm or of bulk AgCN (2165 cm (15). Since 
oxygen species were present at the electrode surface in the form AggO, 
it might be plausible that the SERS spectrum from the Ag surface was 
due to cyanate (OCN ). However, this can be discounted because at 
-0.8 V, where all of the spectra were taken, the cyanate would all be 
reduced to cyanide (130). Furthermore, the normal Raman spectrum of a 
-1 -1 
solution of cyanate has three prominent peaks at 2170 cm , 1320 cm , 
and 1230 cm ^. Since the two low energy peaks do not show up in the 
SERS spectrum, the possibility of there being cyanate on the surface 
is unlikely. 
_2 
In the Raman spectrum from AgCN powder, the CN band is at 2165 cm 
(15). Thus, if the Raman active compound on the surface was AgCN, 
then the energy shift upon adsorption is much larger than expected 
when compared with the pyridine system. One way that such a large 
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energy shift could be accounted for is if the adsorbed molecules were 
in a highly perturbed configuration. This would occur if the cyanide 
molecules were bridge bonded on the surface. CO, which is isoelectronic 
to CN , is known to form bridge bonds on transition metal surfaces (131) . 
To investigate the possibility of bridge bonding, the SERS signal 
from cyanide on different single crystal faces of Ag was studied. If 
the cyanide is bridge bonded to the Ag surface, then there should be 
changes in the vibrational frequency of the C = N mode on the different 
crystallographic faces. Since any anodization process would destroy 
the translational symmetry of the surface, the electrochemical polishing 
technique outlined in Chapter III was used to produce a surface-Raman 
signal. Within experimental error, however, there were no differences 
in the measured vibrational frequency of the C H N mode on the (111), 
(110), and (100) crystal faces of Ag. 
The results imply that the cyanide was not bridge bonded to the Ag 
surface. However, since the surface of the single crystal was not 
rinsed during the transfer from the electropolish solution to the cell 
solution, when the electrode was inserted into the Raman cell at -0.8 V 
any Ag^ ions in the droplet clinging to the electrode surface would be 
deposited onto the Ag surface in a nonequilibrium manner. Thus, an 
alternative explanation would be that the surface topography was 
identical on all three crystal faces. Although there certainly must be 
some amount of disorder induced on the surface, the result may still be 
valid because it has been shown that other properties of a SERS signal 
are sensitive to crystallographic orientation on a weakly roughened Ag 
electrode (24). 
73 
In one of the early papers by Pettinger et al. (29), it was sug­
gested that pyridine forms a complex on the silver surface with the CI 
ions in solution. In an effort to rule out the possibility of an 
anion-cyanide complex for the cyanide system, the SERS signal was 
examined using different background electrolytes. The different anions 
investigated were SO^, NO^, CI , and I . In Fig. 13 is shown the I-V 
curves for a Ag electrode in three electrolytic solutions, with and 
without KCN present. Figure 14 shows that the corresponding SERS 
spectra taken at -0.8 V were identical. 
After a SERS signal was obtained, if I was added to the solution 
the SERS signal was immediately quenched. This was to be expected since 
I is a very strong adsorbant and should displace the CN from the 
surface. It is interesting to note that in the KCl solution, it is 
the reaction forming AgCl which roughens the surface to produce the 
SERS signal and not the formation of AgCN or AggO. 
Finally, to show that an electrochemically produced surface complex 
is not involved in the cyanide SERS spectrum, a SERS signal from cyanide 
was obtained without electrochemically modifying the surface. First, 
the electrode was mechanically polished and etched according to the 
procedure outlined in Chapter III. Then the electrode was inserted into 
a cyanide-free (0.1 M NagSO^) Raman cell at -0.8 V. When cyanide was 
added to the cell while under potentiostatic control, the characteristic 
SERS signal appeared increasing at a diffusion-controlled rate. Thus, 
there was no possibility for the formation of an electrochemical 
complex. This also demonstrates that electrochemical methods for 
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generating a SERS signal are not unique in their ability to produce 
adatoms or active sites on the surface. 
In summary then, the electrochemical reactions of the silver-
cyanide system have been identified. The anodization process was shown 
to involve the formation and reduction of AgCN and AggO on the electrode 
surface. In addition, it was shown that the large frequency shift of 
the SERS C = N stretching mode was not due to bridge bonding of the 
cyanide to the silver. This and the potential where the SERS spectra 
are recorded preclude the possibility of the Raman-active species being 
AgCN. The possibility of cyanate or an anion-cyanide complex forming 
on the surface was also ruled out. Thus, the Raman-active entity on 
the surface must be a silver-cyanide complex. 
Indeed, subsequent reports have proposed this possibility. From a 
comparison of the Raman frequencies of silver-cyanide complexes in 
solution (132), Billmann, Kovacs, and Otto claim that the enhanced 
Raman signal from cyanide on a Ag surface is due to AgCCN)^ (21). 
However, in another paper by Dornhaus et al. (28), the authors argue 
that such a direct analogy is not appropriate. They showed that the 
C E N stretching frequency first appears during the anodization process 
-1 -1 
at 2146 cm and then decays rapidly while another mode at 2112 cm 
rises. Since the metal-cyanide force constant for SERS is much lower 
than that for typical metal-cyanide complexes (16), they interpret the 
observed frequency shift to be due to a rapid change from a bridge 
bonding configuration to a terminal bonding configuration. 
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Angle-Resolved Raman Scattering 
Right-angle configuration 
The second phase of this work was directed toward measuring the 
angular dependence of the scattered radiation from pyridine on a Ag 
electrode. This was motivated by realizing that, because the pyridine 
molecules were adsorbed on the Ag surface, this will specify a particular 
orientation for the pyridine molecules. Thus, information about the 
symmetry and the orientation of the adsorbed molecule might be extracted 
from angle-resolved detection. 
The details of the apparatus used in the experiments is shown in 
Fig. 9. While the apparatus was undergoing construction, Pettinger et 
al. (35,65) reported on the angular dependence of evaporated films of 
Ag, Cu, and Au. Their apparatus was limited by the fact that only the 
sample could be rotated and the incident and collection angles were 
fixed at 90° relative to each other. For films where about one mono­
layer of metal was reformed, their results showed a narrow peak (half 
width 5°) around 60° with respect to the incident angle for the 1008 cm 
and 1036 cm ^ modes of pyridine on all three metals. They also showed 
that as the amount of electrochemical roughening was increased additional 
peaks appeared at other angles until eventually the peaks coalesced 
into a broad unstructured curve extending over the whole range of 
incident angles. They were not able to make any specific conclusion 
about the origin of the structures in their angle-resolved spectra. 
Thus, to verify the result of Pettinger et al., my apparatus was 
set up initially with the incident and collection angles fixed at 90° 
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with respect to each other. Figure 15 shows the angular dependence of 
the 1008 cm ^ mode of pyridine after 2 ML of silver have been reformed. 
The very large maximum at 8^^ = 45° is due to the entrance of the 
specular beam into the monochromator. Indeed, there is a peak in the 
angular intensity distribution for incident angles around 60°. The peak 
is not as sharp as that reported by Pettinger et al. because of the 
higher background count rate with our Raman system. This is an artifact 
of the difference between the two spectrometers and is not of fundamental 
significance. The Raman data were averaged for 30 seconds after which 
the standard deviation was calculated. This is indicated in the figures 
by the length of the line at each angle. 
Figure 16 shows the angular-resolved, Raman spectrum from pyridine 
on the surface after 5 ML of Ag have been reformed. Now there are 
several additional peaks. If an additional 3 ML of Ag are reformed on 
the same electrode, the intensity of the peaks increases as shown by 
the dotted line in Fig. 16. Further increases in the surface roughness 
causes the peaks to grow and coalesce into a broad unstructured curve. 
This agrees with the results of Pettinger et al. 
At this point it appeared that the metal, rather than the 
adsorbed molecule, was controlling the angular dependence. To estab­
lish unambiguously the independence of the angular pattern from the 
polarizability tensor of the adsorbed molecule, the following experiment 
was performed. First, a silver film was mildly anodized (5 ML) in the 
standard pyridine solution and the angular pattern was recorded for the 
1008 cm ^ pyridine mode. The result is shown by the dashed line in 
Figure 15. Angle-resolved SERS spectrum from the Ag pyridine system after 2 ML of Ag have been 
reformed. The large maximum at 45° is an artifact due to specular reflection of the 
laser beam directly into the monochromator. The incident and collection angle direc­
tions are fixed at 90° relative to each other 
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Fig. 17. As before, the maximum at 45° is due to the entrance of the 
specular beam into the monochromator. Of particular interest is the 
series of peaks and bumps on either side of the 45° feature. 
Wlien cyanide was added to the solution in the form of KCN, so as to 
achieve a concentration of 0.01 M KCN, the cyanide displaced the pyridine 
adsorbed on the surface. Subsequently, the angular pattern from the 
- I  2114 cm mode of cyanide was recorded. This is shown by the solid line 
in Fig. 17. The angular pattern of SERS is nearly identical for both 
molecules. The maximum at 0^^ = 45° is much smaller for the cyanide 
spectrum because the cyanide Raman frequency is farther away from the 
laser frequency and hence the light rejection efficiency of the 
monochromator is much higher. 
At this point it is valid to ask if the angular pattern has any­
thing at all to do with the Raman effect. To answer this question, the 
angular dependence of the scattered radiation was examined at three 
different values of the photon shift on the same surface. The results 
are presented in Fig. 18. The dotted line in this figure is the angle-
resolved spectrum for the 1008 cm mode of pyridine. 
Recall that Heritage et al. (64) have shown that the background 
continuum is not a Raman effect. Rather, it is a luminescence which is 
probably associated with electron-hole pair recombination in the metal. 
The broken line in Fig. 18 shows that the background has an angular 
dependence which is identical to that of the Raman mode of pyridine. 
An even more conclusive result is given by the solid line in Fig. 
18. This is the angular dependence of the elastic scattering. Since 
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the intensity of the elastically scattered light was so much stronger 
than that which was inelastically scattered, the 45" peak is much 
broader. Some of the angular structures are overcome by the central 
peak. The features at higher and lower angles, however, correspond 
remarkably to the inelastic scattering structure. 
It might be suggested that leakage of the elastically scattered 
light through the monochromator was causing the similarities in the 
angular spectra. Obviously, there must be some stray light leaking 
through because the peak at 45° is so large. However, if the elas­
tically scattered light was dominating the angular spectra, then all the 
peaks in the angular spectra should scale in the same way as the 45° 
peak. In Fig. 17, the 45° peak in the cyanide spectrum is much smaller 
than the 45° peak in the pyridine spectrum. Since the other angular 
features in the cyanide spectrum are not reduced by the same amount, 
leakage of the elastically scattered light through the monochromator was 
not causing the similarities in the pyridine and cyanide spectra. 
This same result can also be demonstrated for the 500 cm ^ and the 
1008 cm ^ angular spectra in Fig, 18. Let 0 = where to^ is the 
laser frequency and o)^ is the frequency under investigation. Let A(6,n) 
and F(n) be the angular dependence and intensity at some frequency shift 
n determined by the sample, and let L(fi,n') be the amount of stray 
light leaked through by the monochromator. Then the intensity at a 
particular angle and frequency will be given by 
1(8,n) = F(n)A(8,n) + F(n')A(0,n')L(n,n')dfi' . (4.7) 
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The largest source of unwanted light is at the laser frequency so 
assume that the angular dependence at 0 = 0 leaks through the monochroma-
tor and dominates the angular dependence. This can be written as 
L ( n , n ' )  = G( n ) 5 ( n ' )  ,  ( 4 . 8 )  
where G(f2) is a continuous and decreasing function as 0 increases. Com­
bining Eqs. (4.7) and (4.8) we have 
1(8,n) = F(n)A(8,n) + F(0)G(n)A(e,0) . (4.9) 
It cannot be assumed that F(0)G(n) > F(n) because the intensity of the 
-1 -1 
Raman line at 1008 cm is greater than the intensity at the 500 cm 
line. Instead, assume that A(0,fi) is equal to a constant for / 0. 
The angular dependence will still be dominated by A(0,O). If 0' > 
the ratio 
1(8,n) - 1(6',n) _ G(n) 
1(6,n') - 1(0',fi') G(n') ' 
-1 -1 is always greater than one. In Fig. 18, for the 500 cm and 1008 cm 
spectra, this ratio is always less than one so leakage of stray light 
through the monochromator was not causing the similarities in the 
different angle-resolved spectra. 
These results show, for a given mildly-roughened Ag surface, the 
angular-resolved pattern has the same shape for elastic light scattering, 
for Raman scattering, and for the luminescence background. Each of these 
processes is fundamentally different, yet they all have the same angular 
dependence. In addition, the angular-resolved pattern is independent 
of the polarizability tensor of the adsorbed molecule. The only property 
88 
these different processes have in common is that the scattered light is 
emanating from the surface. Thus, the metal surface must be controlling 
the angular dependence. 
Surface morphology 
One important assumption made when trying to measure the angular 
scattering distribution is that the adsorbed molecules are all uniformly 
oriented. For this reason, all of the angular spectra were recorded 
with a minimal amount of surface roughening. In order to verify that 
the surfaces used in these experiments were smooth, the morphology of 
the surfaces was studied using a scanning electron microscope (SEtl). 
Figure 19 shows the difference between an anodized electrode sur­
face and an unanodized surface. For the Ag films used in these experi­
ments, there was no perceptible roughening of the surface unless more 
than 16 ML of Ag had been reformed. This is in general agreement with 
other authors (24,29). The unanodized Ag film in Fig. 19 was immersed 
in the electrolytic solution under potentiostatic control at -0.6 V and 
then removed from the solution. The anodized electrode was prepared in 
a similar manner except that 25 ML of Ag were reformed on the surface 
of the electrode. Anodizing the electrode resulted in the formation of 
hemispherical structures on the surface. When less than 16 ML of Ag 
were reformed, no changes could be seen on the surface with the SEM, 
yet a SERS signal is easily detectable when only 1 ML has been reformed. 
However, even the unanodized Ag film was not completely smooth. 
This observation prompted a search to find a way to produce smoother 
films. There were two options for making smoother films. The first 
Figure 19. Effect of anodization on the surface morphology of a Ag film. The unanodized Ag film 
has been polarized in the electrochemical cell at -0.6 V and then removed. While on 
the anodized electrode, which was prepared in the exact same manner, 25 ML of Ag have 
been reformed 
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option, and the simplest, was to increase the evaporation rate and 
decrease the temperature of the substrate. This increases the number of 
nucleation sites and inhibits surface diffusion of the atoms to form 
islands. The annealing temperature for evaporated Ag films is slightly 
below room temperature (133), so that further heating of the films 
should not increase the smoothness. The second option was to grow an 
epitaxial layer of Ag on mica. 
There was no facility for cooling the substrate in the vacuum 
system used for preparation of the Ag films, so only the effect of the 
evaporation rate on the type of surface roughness produced was studied. 
The results of the evaporation rate study are shown in Fig. 20. All of 
the SEM pictures were taken at normal incidence. Recall that the films 
were 2000 A thick and evaporated onto glass microscope slides. Ag films 
prepared similarly to the film in Fig. 20B were the ones used in the 
previous experiments. 
Obviously, these Ag films are not smooth. The structures that are 
visible in the photographs are most likely Ag crystallites. SEM pictures 
of these films tilted at 60° from horizontal showed that the crystallites 
were approximately hemispherical. The size of the crystallites should 
decrease as the number of nucleation sites (i.e., evaporation rate) is 
increased. This is verified in photographs 18C and 18D, However, 
since there was no control over the substrate temperature, at the faster 
evaporation rates used in films B and A, there probably was substantial 
heating of the sample substrate. 
o 
Figure 20. SEM pictures of Ag films evaporated at different rates. All of the films are 2000 A 
thick and evaporated onto glass microscope slides. The rates of evaporation are 
A) 1300 A/min, B) 130 Â/min, C) 66 A/min, and D) 33 A/min 
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Since it takes about 20 ML of Ag to be reformed before any observ­
able change can be seen in the SEM photographs, the low levels of 
anodization used in these experiments would not cause large scale 
restructuring of the crystallites. Furthermore, since they are 
present before the Ag films are anodized when no SERS is observable, 
they do not contribute directly to the enhancement. 
To verify that the structures in Fig. 20 are not due to the glass 
slides used as the substrates, in Fig. 21 is shown a comparison between 
the surface of a glass slide, a freshly cleaved mica surface, and an 
electropolished Ag surface. The glass and the mica surfaces were over-
coated with a thin layer of carbon to wet the surface, then chromium to 
make the surface conductive. The picture of the electropolished surface 
is from a bulk polycrystalline silver sample. All of the pictures are 
tilted at 60° with respect to the horizontal to give a qualitative 
estimate of the height of the surface features. 
Since there seemed to be slight differences in the angular-
resolved spectrum from Ag films evaporated at different rates and in 
an effort to produce smoother Ag films, the epitaxial growth of Ag films 
on mica was investigated. Only when the combination of substrate 
temperature and evaporation rate are correct does epitaxial growth of Ag 
on mica occur. The optimum conditions for epitaxial growth occurs when 
the evaporation rate is 500 A/min and the mica substrate is heated to 
275°C (119). By x-ray diffraction, it was verified that Ag films pro­
duced under these conditions have a (111) orientation. Also, after a 
few monolayers of Ag were reformed, the film still displayed a (111) 
Figure 21. Comparison of different substrate surfaces. The electropolished photograph was from a 
polycrystalline bulk Ag sample. All the samples are tilted at 60° from the horizontal 
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orientation. This does not imply that the surface layer was still 
oriented. Since a large fraction of the x-rays passed completely through 
the Ag film, the diffraction pattern was produced from the whole film 
and not just the surface layer. 
In particular though, it was more important for this work to know 
how smooth the Ag films were, rather than if epitaxial growth occurred, 
so the effect of changing the evaporation rate on the smoothness of 
these Ag films was studied. The results are shown in Fig. 22. From 
looking at the photographs, the Ag films evaporated at 500 Â/min seemed 
to have the smoothest surface. Also, it can be seen that even the 
epitaxial Ag films have grain boundaries, although the size of the 
grains are much larger than for the polycrystalline films. The grain 
boundaries occur when the crystallites formed on different nucleation 
sites become large enough to touch one another. Neighboring crystallites 
may be different heights causing steps to form or they may have stacking 
faults which causes twinning to occur at the boundary (134). 
Independent-angle results 
With the new mica films, the previous angle-resolved work was 
repeated and very different results were obtained. All the angular 
spectra from the Ag films on mica have been corrected for geometrical 
effects due to the change in spot size as the angles are changed. In 
addition, due to the length of time required to obtain the independent-
angle measurements (6 hrs) it was necessary to correct for the decay of 
the Raman signal over this period. The rate of decay is shown in 
Fig. 23. 
Figure 22. SEM pictures of epitaxially grown Ag films on mica showing the effect of evaporation 
rate on the surface morphology. All of the photographs are tilted 60° from the 
horizontal. ^The rates of evaporation are A) 50 A/min, B) 250 A/rain, C) 500 A/min, 
and D) 1000 A/min 
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The solid line in Fig. 24 shows the angular spectrum after 3 ML of 
Ag have been reformed on one of the mica films. The most striking 
result is that the peak at 60° reported from Ag films evaporated onto 
glass slides (65) no longer exists. This demonstrates, unambiguously, 
that the angular pattern of emitted radiation is being controlled by the 
metal surface. 
Figure 25 shows the angular dependence of the scattered radiation 
with the incidence and collection angles uncoupled. Because of the 
physical dimensions of the lens holders, the incident and collection 
angles were restricted to the condition 0^^ + 6^^^ > 35°. The large 
maxima aligned vertically in the figure are due to the specular reflec­
tion of the laser beam directly into the monochromator. 
Two general observations can be made about the independent-angle 
measurements. The first is that the overall intensity decreases as the 
collection angle increases, and secondly the intensity increases as the 
incident angle is increased up to about 70° and thereafter the intensity 
decreases. To verify the validity of the independent-angle measurements, 
the data at the points corresponding to the right-angle configuration 
(8^^ + 0Qy.p = 90°) were taken from Fig. 25 and plotted in Fig. 24 as the 
dashed line. The fairly good agreement indicates that conclusions 
reached for the right-angle configuration would also hold for the 
independent angle measurements. 
When the amount of roughening was increased to a total of 8 ML of 
Ag reformed, the angular spectrum changed to that which is shown by the 
solid line in Fig. 26. Now there is a broad peak in the angular spectrum 
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105 
centered at 8^^^ = 20°, but this is very different from the multiple 
peaks seen in the angular spectrum from a silver film on a glass slide 
shown in Fig. 16. The independent-angle results for this film are shown 
in Fig. 27. As before, the data point corresponding to the right-angle 
configuration were taken from Fig. 27 and plotted in Fig. 26 as the 
dashed line. The data in Fig. 27 agree with the same general trends 
observed in Fig. 25. 
The primary result from the angular dependence of SERS on these 
"smooth" films is that the 60° peak is no longer present. These results 
show that the angular dependence imparted to the SERS signal can be 
varied by changing the evaporation conditions or by roughening the 
surface. In addition, the independent-angle results show that the SERS 
intensity increases when the collection angle is decreased and the 
largest intensity is obtained with the incident angle equal to about 70°. 
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Figure 27. The independent angle measurements for the Ag film used in Fig. 26. The general trends 
are the same as in Fig. 25 
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CHAPTER V. SUMMARY AND CONCLUSION 
The goal of this research project was to investigate the origin of 
surface enhanced Raman scattering. In order to effectively model the 
enhancement mechanism in an electrochemical environment, it is necessary 
to understand both the complex chemical interactions which occur in the 
interfacial region, and the physical mechanism of the enhancement. The 
simplicity of the cyanide ion made it an ideal molecule for studying the 
chemical reactions occurring at the silver electrode surface. The 
physical mechanism of the enhancement was studied by measuring the scat­
tered intensity as a function of the incident and collection angles for 
pyridine adsorbed on the silver electrode. 
The anodization of the electrode surface had been previously well 
established as an important technique for producing a SERS signal. The 
reason for the success of the anodization process was studied with the 
silver-cyanide system. After the electrochemical reactions were 
identified, it was clear that one function of the anodization process 
was to roughen the electrode and create an active site. These active 
sites could be readily removed by the formation of Ag(CN)2 or the 
evolution of . Since mere proximity of the molecule to the surface 
was insufficient to cause an enhancement, there must be a particular type 
of chemical bond established between the cyanide and the Ag after the 
anodization. However, it is difficult to distinguish unambiguously 
between purely chemical effects and those involving microroughness. In 
fact, the two may be intimately related through bonding site availability. 
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Two new techniques for producing a SERS signal were developed. An 
electropolish technique which yields a SERS signal was used in conjunc­
tion with bulk single crystals of silver to investigate the possibility 
of bridge bonding of the C E N to the silver surface. There was no 
change in the C E N vibrational frequency on any of the three low-index 
faces of silver. Although not conclusive, this result implies that the 
cyanide was not bridge bonded to the silver surface. 
A study of the SERS signal from cyanide in different electrolytic 
solutions, and a mechanical polish and etching technique which was 
developed, both showed that the Raman-active species on the silver sur­
face was not an electrogenerated anion-cyanide complex. In addition, 
the mechanical polishing technique shows that anodizing the electrode 
does not produce a unique kind of surface roughness. 
Due to the presence of the surface of the metal limiting the number 
of degrees of freedom for adsorbed molecules, it was believed that the 
orientation and symmetry of an adsorbate could be extracted from a 
careful angular-resolved Raman experiment. A novel approach using 
fiber optic light guides was used to construct a device which could 
perform such a measurement. To verify a previous report, the apparatus 
was initially set up with the incident and collection angles fixed at 
90° relative to each other. Rotating the sample allowed the angles to 
be changed. 
It was found that the results of Pettinger et al. (65) were correct. 
In this configuration, there was a peak in the angular intensity for 
incident angles around 60° on weakly anodized evaporated Ag films. As 
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the amount of roughening increased, other peaks appeared at other angles. 
Further roughening caused the peaks to coalesce into a broad unstruc­
tured curve. 
Going beyond their results, it was shown that the angular resolved 
intensity distribution from pyridine and cyanide on the same surface is 
nearly identical. The angular pattern is not being controlled by the 
polarizability tensor of the molecular adsorbate. In addition, the 
angular dependence was shown to be independent of the frequency shift of 
the detected photons. This implies that Raman scattering, luminescence, 
and elastic scattering processes all have the same angular scattering 
pattern. Thus, the metal surface is controlling the scattered radiation 
pattern. 
From SEM photographs, it was shown that there was no observable 
change of the anodized Ag films until 25 ML of Ag had been reformed. The 
Ag films used in the angle resolved experiments typically only had about 
3 ML of Ag reformed, so the level of roughness induced by the anodiza-
tion process was below the resolution limit (250 A) of our SEN. The SEM 
photographs also showed that the smoothness of the polycrystalline Ag 
O O 
films was limited by the grain size of the crystallites (500 A to 1000 A), 
so an effort was made to produce epitaxial Ag films on mica. On these 
mica surfaces, the grain sizes were much larger (3000-4000 A) and it 
appeared that they were very flat on top. 
Angle resolved spectra from these mica films were very different 
from those of the polycrystalline Ag films. The prominent 60° peak was 
no longer present. Instead, there was a gradual decrease in intensity 
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as the collection angle increased. When the incident and collection 
angles were uncoupled and the angular dependence mapped as a function of 
both angles, it was found that, in addition to the decreasing intensity 
as the collection angle increased, there was a broad maximum centered 
around 0^^ = 70°. The conclusion obtained from using these mica films 
is that the 60° peak in the data of Pettinger et al. is an artifact due 
to the preparation of the Ag film. 
From the results of these experiments, there are some conclusions 
which can be drawn about the nature of the enhancement mechanism. The 
work on the electrochemistry of the anodization process showed that the 
surface of the electrode was roughened during the anodization process. 
The most important consequence of this roughening process is that a 
localized adsorption site, or activated site, is created on the electrode 
surface. The activated site can be easily removed from the surface by 
the formation of Ag(CN)2 or by applying a sufficiently negative potential 
to the electrode. In the latter case, the cyanide is electrostatically 
repelled from the surface, freeing the activated site and allowing it to 
diffuse into surface defects where steric or energetic considerations 
prevent the formation of a chemical bond with the cyanide. The ease with 
which the active site can be eliminated from the surface implies that it 
must be either an adatom or a small cluster of atoms. 
The angular resolved experiments allow one to draw some conclusions 
about the physical nature of the enhancement mechanism. The fact that 
the angular dependence of SERS is independent of the molecule on the 
surface rules out the numbers theory. The image dipole model predicts 
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that the angular dependence should be different with p- and s-polarization. 
Since the angular dependence is the same for both polarizations, this 
model can be ruled out. 
When just a few monolayers of Ag have been reformed on the polycrys-
talline Ag films, there is the peak around 8^^ = 60° which is seen. It 
is very difficult to explain this peak using the field enhancement 
theories where shapes are important. If this mechanism was the basis for 
the enhancement, then one would not expect to see any angular dependence 
due to the incoherent superposition of the radiated fields from each 
individual scattering center. Only with the polarizability theory of 
Moskovits, or resonance theories which require the surface to act as a 
source of momentum, is it possible to obtain a peak in the angular 
dependence. The polarizability theory of Moskovits allows for the exist­
ence of a collective interaction which extends a large distance over 
the surface. If this distance approaches A/2it, peaks in the angular 
scattering may occur, similar to those observed for Mie scattering. 
However, it is difficult to see why the angular peaks should go away 
when more than 25 ML of silver have been reformed. Presumably the den­
sity and size of the hemispheroids are increasing so that a collective 
interaction should be even more likely. Yet for this level of roughness, 
there is only a broad unstructured curve in the angular dependence of 
the scattered radiation. Also, the size of the hemispheroids in his 
theory are generally too large to fit the concept of an activated site 
discussed above. 
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On the other hand, if some property of the Ag film causes the 
anodization to occur only in certain locations, such as the periodicity 
of the crystallites, then it is possible for there to be a dominant 
momentum vector on the surface. In this case, the emitted radiation 
would also be confined to certain directions, similar to what happens 
with a diffraction grating. As the amount of surface roughness is 
increased, what little periodicity that was inherent in the film is 
destroyed and the angular dependence should disappear. This is exactly 
what happens in the angle-resolved spectra. Also, one would expect that 
changing the evaporation parameters would affect the angular dependence. 
This too, is seen in the experimental data. Furthermore, there are no 
difficulties with a localized adsorption site. Thus, the resonant 
enhancement mechanism gives the most consistent explanation for the 
experimental results. Any further theoretical improvements of the 
enhancement mechanism will have to await better characterization and 
experimental control of the surface morphology. 
There are two experiments which could be pursued in further studies 
of the angular-resolved scattering distribution of SERS. The first 
experiment would involve measuring the wavelength dependence of the peaks 
on the polycrystalline Ag films. During the course of these experiments, 
there was some indication that the angle of the peaks is a function of 
the excitation wavelength. The precise nature of this wavelength 
dependence would have important consequences for the theories discussed 
above. In addition, the fiber optic light pipe would ensure that the 
same spot on the surface was illuminated at each wavelength. The other 
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experiment would be to find a normally resonant molecule where the SERS 
signal can be observed from it without roughening the surface. The 
angular dependence of the scattered radiation could be compared before 
and after the surface was roughened. Then perhaps some statements could 
be made about the bonding of the adsorbate to the surface and the role 
of roughness in promoting different bonding mechanisms. 
As a probe of the solid-liquid interface, SERS is unique. It is 
the only molecular-specific probe. Even though it may be limited to a 
few noble metals, there is a wealth of information on bonding, and 
surface reactions in general, that can be investigated with such a 
technique. Although the mechanism of the enhancement is not completely 
understood, already SERS has been used to probe important chemical 
reactions at the interface (135,136). 
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